Stable isotopes as tracers for freshwater fluxes into the North Atlantic by Cox, Katharine A
University of Southampton Research Repository
ePrints Soton
Copyright © and Moral Rights for this thesis are retained by the author and/or other 
copyright owners. A copy can be downloaded for personal non-commercial 
research or study, without prior permission or charge. This thesis cannot be 
reproduced or quoted extensively from without first obtaining permission in writing 
from the copyright holder/s. The content must not be changed in any way or sold 
commercially in any format or medium without the formal permission of the 
copyright holders.
  
 When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given e.g.
AUTHOR (year of submission) "Full thesis title", University of Southampton, name 
of the University School or Department, PhD Thesis, pagination
http://eprints.soton.ac.uk
UNIVERSITY OF SOUTHAMPTON
Stable Isotopes as Tracers for Freshwater
Fluxes into the North Atlantic
by
Katharine A Cox
A thesis submitted in partial fulfillment for the
degree of Doctor of Philosophy
in the
Faculty of Engineering, Science and Mathematics
School of Ocean and Earth Science
August 2010
Declaration of Authorship
I, Katharine Cox, declare that this thesis titled, ‘Stable Isotopes as Tracers for Freshwa-
ter Fluxes into the North Atlantic’ and the work presented in it are my own. I confirm
that:
 This work was done wholly or mainly while in candidature for a research degree
at this University.
 Where any part of this thesis has previously been submitted for a degree or any
other qualification at this University or any other institution, this has been clearly
stated.
 Where I have consulted the published work of others, this is always clearly at-
tributed.
 Where I have quoted from the work of others, the source is always given. With
the exception of such quotations, this thesis is entirely my own work.
 I have acknowledged all main sources of help.
 Where the thesis is based on work done by myself jointly with others, I have made
clear exactly what was done by others and what I have contributed myself.
Signed:
Date:
i
“A book is made from a tree. It is an assemblage of flat, flexible parts (still called
“leaves”) imprinted with dark pigmented squiggles. One glance at it and you hear the
voice of another person – perhaps someone dead for thousands of years. Across the
millennia, the author is speaking, clearly and silently, inside your head, directly to you.
Writing is perhaps the greatest of human inventions, binding together people, citizens
of distant epochs, who never knew one another. Books break the shackles of time, proof
that humans can work magic.”
Carl Sagan
UNIVERSITY OF SOUTHAMPTON
Abstract
Faculty of Engineering, Science and Mathematics
School of Ocean and Earth Science
Doctor of Philosophy
by Katharine A Cox
The Arctic acts as both an indicator and a facilitator of global climate change. Many
studies have identified the manifold changes in the Arctic hydrological system resulting
from global warming. These changes have affected the freshwater balance of the northern
North Atlantic and therefore pose a problem to deep water formation in this region,
further impacting the global climate. This thesis uses the quasi-conservative properties
of oxygen and hydrogen isotopes in watermasses to identify and quantify the freshwater
sources to the ocean currents exiting the Arctic into the northern North Atlantic.
Comparison of historical oxygen isotope data from the East Greenland Current system
with data presented here indicates that its freshwater isotope signature has not been
temporally constant. Specifically, in 2005, there was a shift to a value ∼ 10 h heavier
than the long-term mean, indicating a large increase in sea ice meltwater admixture
that coincides with a large, short-term peak in the Fram Strait sea ice export. There-
fore, interannual variations in the sea ice export are transported to the watermasses
downstream.
Oxygen isotope data from the West Greenland Current confirm that the freshwater
signal in the East Greenland Current system is transferred around the tip of Greenland.
However, there is an apparent decrease in the freshwater concentration in the West
Greenland Current relative to the east. This potentially corroborates the previously
reported retroflection of part of the East Greenland Current into the North Atlantic
subpolar gyre. The primary freshwater sources to the Labrador Current are identified
as Arctic surface waters exported via the Canadian Archipelago, Hudson Strait and the
West Greenland Current. There is also considerable sea ice formation and melt influence
on the Labrador Shelf.
The world surface ocean oxygen and hydrogen isotope mixing relationship is observed
to be regionally and seasonally robust, with the exception of areas with a high meteoric
water influence. The use of hydrogen isotopes as a tracer for Greenland glacial meltwater
in the East Greenland Current system is investigated and the preliminary results are
positive although further work is necessary to establish the value of this tracer.
This thesis highlights the importance of stable isotope studies for identifying and quan-
tifying the freshwater in the currents exiting the Arctic, allowing the key pathways of
Arctic freshwater into regions of deep water formation in the North Atlantic to be iden-
tified and monitored. These pathways are: the East Greenland Current into the Nordic
Seas and the North Atlantic subpolar gyre; the West Greenland Current into Labrador
Sea; and the Labrador Current into the general North Atlantic circulation.
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Chapter 1
Introduction
Abstract
The Arctic freshwater balance has the potential to impact global climate through freshwa-
ter export to the northern North Atlantic and therefore regions of deep water formation.
This chapter reviews the surface ocean circulation in the Arctic and the North Atlantic
and summarizes the important aspects of the warming and atmospheric circulation trends
in the Arctic Basin and their influence on the freshwater budget of the Arctic.
1.1 The Context
The Arctic and the northern North Atlantic are regions that exert an important control
on the global climate. Formation of North Atlantic Deep Water (NADW), the southward
flowing limb of the Atlantic Meridional Overturning Circulation (AMOC), occurs pri-
marily in the subpolar basins of the northern North Atlantic, specifically the Greenland,
Norwegian and Labrador Seas [e.g. Rahmstorf, 2006]. Variations in NADW formation
therefore impact on the AMOC and the associated poleward transport of heat by the
Atlantic Ocean, with significant consequences for global climate.
Studies of AMOC stability using numerical models suggest that increased freshwater
addition to the NADW formation regions might weaken Atlantic overturning, possibly
even altering the global ocean circulation pattern [e.g. Rahmstorf et al., 2005]. Recent
evidence for increasing global surface air temperatures [e.g. Solomon et al., 2007] and
specifically, warming over in Arctic over the past 50 years [Rigor et al., 2000; Serreze
et al., 2000; Comiso, 2003; Solomon et al., 2007], has prompted concern within the
1
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scientific community that the resulting increases in ice melt in the Arctic region may
cause the changes in the AMOC predicted in these modeling studies.
It is therefore important to fully understand the Arctic response to these increasing
surface air temperatures, particularly in terms of the rate of ice melt and the associated
export of freshwater into the northern North Atlantic.
1.2 Arctic basin
1.2.1 Bathymetry
The Arctic is a semi-enclosed basin with one deep water passage, Fram Strait, with a sill
depth of ∼ 2500 m, allowing the exchange of water with the rest of the world’s oceans.
There are also shallow water connections allowing surface water exchange between the
Arctic Ocean and the Atlantic Ocean (Barents Sea, Nares Strait and the Canadian
Archipelago) and between the Arctic Ocean and the Pacific Ocean (Bering Strait). The
Lomonosov Ridge that runs from Siberia to Greenland divides the Arctic Basin into two
main deep basins, the Canadian Basin consisting of two sub-basins, the Canadian and
Makarov basins and the Eurasian Basin, consisting of the Amundsen and Nansen basins.
Approximately one third of the Arctic Basin is less than 500 m deep as a result of the
wide Eurasian and North American continental shelves at its borders. The widest of
these shelves is the East Siberian Shelf. The shelf seas, Chukchi, East Siberian, Laptev,
Kara and Barents, are separated by groups of islands. Figure 1.1 displays the geography
and bathymetry of the Arctic Basin.
1.2.2 Watermasses
The salinity and temperature profiles of the Arctic Ocean define three principal layers:
• Polar Surface Water (PSW): this includes a surface mixed layer (up to 50 m depth)
and the Arctic Halocline (up to 200 m depth) [e.g. Aagaard et al., 1981]. The
uppermost mixed layer is near freezing point with a very low surface salinity (32
and lower). This layer forms as a result of a large influx of freshwater discharged
from the Eurasian and North American river systems. Consequently, the lowest
salinity water in the Arctic is found at the mouths of the larger rivers. As the
river water mixes with seawater on the shelves, the resultant low salinity water
spreads over the surface of the central Arctic. Sea ice formation and melt also
influence the characteristics of this layer. The Arctic Halocline is a sequence of
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Figure 1.1: Map of the Arctic Ocean basins, peripheral seas and passages, modified
from Jakobsson et al. [2008]
cold, salinity stratified layers below the surface mixed layer. This layer insulates
the underlying warmer water from the cold atmosphere and sea ice above. One
of the main mechanisms that maintains the halocline is input of cold saline water
formed through brine rejection during sea ice formation on the continental shelves.
Submarine canyons on the shelves allow drainage of the brine into the central
Arctic. The seasonal melting of sea ice also helps maintain the freshest upper
layers of the Arctic Halocline [Rudels et al., 1996]. The Arctic Ocean is stratified
by salinity rather than temperature because the effect of temperature on seawater
density is reduced at lower temperatures. In addition, there is a large volume of
freshwater input to the surface waters from the Arctic rivers.
• Atlantic Water layer (AW): this is a relatively warm (∼ 3 ◦C) and saline (35) layer
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reaching ∼ 900 m depth. This layer is maintained by the influx of Atlantic derived
water through Fram Strait and the Barents Sea via the West Spitsbergen Current
(WSC) and the Norwegian Atlantic Current, respectively [Aagaard et al., 1985].
The AW sinks under the less dense PSW and spreads into the central Arctic at
mid-depths.
• Arctic Ocean Deep Water: occurring at depths below 900 m. This main source
of this watermass is thought to be Norwegian Sea Deep Water with potential
additions from Greenland Sea Deep Water [Swift et al., 1983]. The stratification
in the surface layers of the Arctic does not allow deep water convection [Swift
et al., 1983]. The Lomonosov Ridge forms a barrier that causes the deep water in
the Canadian and Eurasian Basins to differ slightly. Below around 2500 m (the
depth of the Fram Strait sill) water cannot exit the Arctic Basin.
There is around 84 000 km3 freshwater held in the surface and halocline waters of the
Arctic [Serreze et al., 2006]. This freshwater drives two major currents that form the
pathways for freshwater transport from the Arctic into the northern North Atlantic: the
East Greenland Current (EGC) via Fram Strait, and the Labrador Current (LC) via the
Canadian Archipelago.
1.2.3 Circulation
The surface circulation in the Arctic Ocean is summarized in Figure 1.2. It is dominated
by the Beaufort Gyre (the anticyclonic gyre within the Canadian Basin) and the Trans-
polar Drift Stream (running from the Eurasian Shelves to Fram Strait). These drive
most of the surface motion of ice in the Arctic. Ice and water circulate the Beaufort
Gyre at a speed of around 0.02 ms−1, taking ∼ 7 years for a full circuit [Carmack, 2000].
It takes ∼ 3 years for the Transpolar Drift Stream to transport ice from the Eurasian
shelves to Fram Strait [Wadhams and Davis, 2000]. The Transpolar Drift Stream divides
into two branches north of Greenland. One becomes the EGC as it passes through Fram
Strait and enters the Greenland Sea and the other turns westwards, flowing into the
northern Straits of the Canadian Archipelago [Aksenov et al., 2010a]. While most of the
ice and freshwater export from the Arctic occurs through Fram Strait as a result of the
Transpolar Drift Stream and the EGC, around half of the main warm water influx into
the Arctic occurs though the eastern side of Fram Strait via the WSC, the remainder
entering via the Barents Sea [Aagaard et al., 1985].
The Arctic atmospheric circulation drives the Beaufort Gyre and the Transpolar Drift
Stream [Proshutinsky and Johnson, 1997]. Specifically, the persistent polar high over
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Figure 1.2: Map of the Arctic Ocean surface circulation, modified from Jakobsson
et al. [2008]
the Canadian Basin forces the Beaufort Gyre and the high pressure ridge extending over
Greenland causes persistent westerly winds from Eurasia, which drive the Transpolar
Drift Stream [Proshutinsky and Johnson, 1997]. The Coriolis effect then modifies the
resultant ice and surface water motion [Wadhams and Davis, 2000]. Both these circula-
tion features play key roles in regulating Arctic climate via their influence on the motion
of sea ice around the basin [Asplin et al., 2009].
Other important aspects of the Arctic surface circulation include the influx of cold,
lower salinity water through Bering Strait into the Arctic and the export of Arctic
surface waters through the Canadian Archipelago and Nares Strait from the Beaufort
Sea into Baffin Bay [Wadhams and Davis, 2000].
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The intermediate and deep water circulation in the Arctic is dominated by water of
Atlantic origin. This water enters the Arctic via the eastern side of Fram Strait and
and Barents Sea and subducts under the cold, low salinity Arctic surface water. Most
of this water turns north, following the Eurasian side of the Lomonosov Ridge joining
the Transpolar Drift Stream. The rest of the watermass crosses the ridge and follows
the shelf break and is joined by the Bering Strait inflow water. These waters mix and
continue eastwards around the edge of the Beaufort Sea causing subsurface eddies to
form in this region. Therefore, the overall intermediate and deep water circulation is
cyclonic — the Arctic Circumpolar Current — and follows the shelf break around the
Arctic [Carmack, 2000; Aksenov et al., 2010a]. It is probable that there is cyclonic
circulation within the four basins of the Arctic also. There is an eventual recirculation
of these waters back into the Atlantic [Wadhams and Davis, 2000].
1.2.4 Atmospheric Circulation Regimes
The dominant modes of atmospheric variability in the northern hemisphere affecting the
Arctic region are the Arctic Oscillation (AO) and the North Atlantic Oscillation (NAO).
The AO is an alternation of atmospheric mass between the Arctic Ocean and the mid
latitudes. A positive AO refers to a strong pressure gradient between the low pressure
system over the Arctic and the high pressure system at the mid latitudes causing stronger
westerlies and cyclonic surface winds in the Arctic and subpolar latitudes. Conversely,
a negative AO refers to a weak pressure gradient between these two regions. The NAO
(related to the AO) is the sea level pressure difference between the Icelandic Low and
the Azores High. A positive NAO refers to a large pressure gradient between these two
regions, when both pressure systems are strong. A negative NAO index refers to a more
shallow pressure gradient when both pressure systems are weak. The AO and NAO
share the same action center (the Icelandic Low) and as a result, are strongly correlated
[Thompson et al., 2000]. Figure 1.3 shows a schematic of the pressure systems involved
in the NAO and AO.
The surface wind patterns associated with variations in the NAO/AO index affect the
sea ice motion and precipitation patterns in the Arctic [Dickson et al., 2000], and it has
been suggested that the AO is a key driver of Arctic climate change [Morison et al.,
2006]. Figure 1.4 shows the record of the winter (DJF) mean NAO and AO indices from
1950 to 2008. The main feature of this record is during the late 1980s to early 1990s,
when both the NAO and AO were in a sustained strongly positive phase. Prior to this,
both indices were either in a negative phase, or a weakly positive or neutral phase. The
late 1990s onwards were characterized by short-lived positive phases or more neutral
and negative phases of the NAO and AO indices.
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Figure 1.3: Schematic of the pressure systems involved during the positive phases of
the NAO and AO. Modified from Data sourced from National Weather Service [2010].
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In addition to the NAO/AO, Proshutinsky and Johnson [1997] report two regimes of
atmospheric circulation within the Arctic driving the surface water and ice motion: an-
ticyclonic and cyclonic. The timings of these modes are shown in Figure 1.4 (yellow and
white shaded bands). The circulation in the Arctic alternates between these two regimes
with a period of 10 to 15 years, the shifts between them being forced by changes in the
location and intensity of the Siberian high and Icelandic low pressure systems [Proshutin-
sky and Johnson, 1997]. During the anticyclonic years, the prominent polar high drives
an anticyclonic circulation over the Beaufort Seas and the axis of the Transpolar Drift
Stream runs from the Siberian shelf seas to Fram Strait [Proshutinsky and Johnson,
1997]. Conversely, during cyclonic years, weakening of the polar high coupled with the
strengthening of the Siberian high causes contraction of the anticyclonic circulation and
origin of the Transpolar Drift Stream shifts towards Bering Strait, in turn causing cy-
clonic circulation over the Siberian shelf seas [Proshutinsky and Johnson, 1997]. This
interannual variation in Arctic circulation is superimposed upon the annual cycle where,
during winter, an anticyclonic regime dominates, followed by a weaker cyclonic circu-
lation during the summer [Proshutinsky and Johnson, 1997]. Cyclonic circulation over
the Arctic promotes the export of sea ice (via Fram Strait) from the north Canadian
shores that is older and thicker relative to the ice likely exported from the Siberian shelf
seas during anticyclonic periods [Proshutinsky and Johnson, 1997].
1.2.5 Sea Ice
Arctic sea ice plays a key role in determining the Arctic climate by acting as an insulator
between the Arctic winter atmosphere and the warmer underlying AW. Furthermore, as
a result of its vast extent (∼ 7 x 106 km2 in summer and ∼ 15 x 106 km2 in winter)
and its high albedo (80 – 90 %) relative to the ocean, changes in Arctic sea ice cover
will cause an ice-albedo feedback, especially during the peak in summer insolation, with
important consequences for the Arctic climate in general. A reduced multi-year sea ice
cover would promote absorption of solar radiation by the Arctic Ocean, warming the
surface mixed layer and therefore altering the stratification of the ocean and prolonging
the summer melt season [Comiso, 2002].
Sea ice is constantly in motion, driven by the Beaufort Gyre and the Transpolar Drift
Stream. A small fraction of ice is exported through the Canadian Archipelago via the
LC into the Labrador Sea. However, most sea ice export occurs through Fram Strait into
the Greenland Sea and the northern North Atlantic via the EGC [Serreze et al., 2000].
Sea ice flux through Fram Strait is the largest single component of the northern North
Atlantic freshwater balance. Therefore, it is likely that a reduction in multi-year sea
ice cover would have a global impact through the addition of the sea ice meltwater into
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the northern North Atlantic, in turn, affecting deep water formation and consequently
global circulation. Therefore, a volume change in Arctic sea ice may itself impact on the
global climate system rather than just responding to global climate change [Peterson
et al., 2006].
During the time of maximum advance of sea ice (Feb – Mar), almost the entire Arctic is
ice covered. The warm inflow of AW keeps the western part of the Barents Sea and the
western side of Svalbard open. Between Jan and April the Odden ice tongue appears
between Fram Strait and Denmark Strait (72 – 74 ◦N) as a result of the cold Jan Mayen
Current (JMC), see Figure 1.2. Aagaard and Carmack [1989] have estimated that 80 %
of sea ice export through Fram Strait melts before reaching Denmark Strait. There is
dense ice cover over Baffin Bay, Davis Strait and the whole of the Canadian Archipelago
and Hudson Bay. A thin band of sea ice also extends along the eastern and western
sides of Greenland. In addition, sea ice covers the Arctic coasts of northwest Canada
and Alaska and fills the Bering Sea extending as far south as the northern Sea of Japan.
During April the sea ice begins to retreat and August to September is the period of
maximum retreat and therefore, minimum Arctic sea ice extent [Wadhams, 2000].
Arctic sea ice can be classified as either multi-year sea ice or seasonal sea ice. Multi-
year sea ice, extending over the central Arctic basin, survives the annual summer melt
season and therefore represents a semi-permanent feature of the Arctic. Geographically
surrounding the multi-year ice is the seasonal sea ice, which is thinner and retreats
completely during the annual melt season, which is on average 2 months long [Smith,
1998]. As the annual sea ice growth and retreat cycle is temporally robust, long-term
changes in the Arctic freshwater budget must be considered relative to the variability of
multi-year sea ice. More than half the Arctic is covered by multi-year ice which grows
every winter to a maximum ice thickness of around 3 m when the summer melt matches
the winter growth. The melt processes every year enhance the undulating topography on
the surface and the bottom of the ice sheets [Wadhams, 2000]. Ridged ice contributes
greatly to the thickness of Arctic sea ice forming permanent features in the ice pack
[LeShack, 1980; Wadhams, 1981; Bourke and McLaren, 1992].
Another type of sea ice in the Arctic is fast ice. This ice is trapped either against a
coastline or in shallow waters because of grounded ridges. There is a band of fast ice
bordering the Arctic coastline reaching a width of around 100 m in winter. Some fast
ice survives the summer melt season and may remain for decades as multi-year fast ice.
It is also possible for fast ice to become remobilized and join the rest of the Arctic sea
ice [Symon et al., 2005].
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When ice is first formed, the presence of brine cells results in young sea ice having a
salinity of around 10. However, as the ice ages, the brine drains out of the ice, so first-
year ice has a salinity of 4 – 6, and multi-year ice has a salinity of 1 – 3 [Untersteiner,
1968; Pfirman et al., 1990; Melling and Moore, 1995a; Melnikov, 1997]. The average
snow depth on multi-year sea ice reaches a maximum of 34 cm [Warren et al., 1999].
The snow density increases with time in the accumulation season and on average it is 300
kg m−3, with little geographical variation [Warren et al., 1999]. While the snow cover
does not add much to the overall sea ice thickness, it is important for determining the
albedo of the surface and therefore, the thermal balance and equilibrium ice thickness
[Wadhams, 2000].
Arctic sea ice variability represents one of the largest uncertainties in global climate mod-
els; therefore understanding its natural variability is of great importance [e.g. Polyakov
and Johnson, 2000; Holloway and Sou, 2002].
Surveying the extent and variability of Arctic sea ice is possible through the use of
satellite imagery. The natural microwave emissions of different surfaces are a function of
their surface temperature and emissivity, allowing large-scale passive microwave satellites
to detect variations in surface type. The emissivities of first-year ice and multi-year ice
differ and they can therefore be distinguished [e.g., Johannessen et al., 1999; Comiso,
2002; Comiso et al., 2008]. The highest concentration of multi-year ice is in the Central
Arctic Ocean (controlled by the Beaufort Gyre), an area permanently ice covered. In
the gyre region there is 50 – 60 % multi-year ice concentration with 80 % multi-year ice
concentration in the centre [Gloersen et al., 1993]. In the region of the Transpolar Drift
Stream, fringing the Beaufort Gyre, there is 30 – 40 % multi-year ice concentration. In
the more peripheral areas there is a multi-year ice fraction of 20 % or less [Gloersen
et al., 1993].
The measurement of sea ice thickness is possible using seven techniques:
• Remote sensing methods from above that detect ice freeboard but require further
information to convert measurements to mass:
– Satellite laser altimetry [Zwally et al., 2002; Abdalati et al., 2010].
– Satellite radar altimetry [e.g. Laxon et al., 2003].
– Airborne laser profilometry [e.g. Wadhams, 1990; Comiso et al., 1991; Wad-
hams et al., 1991].
– Airborne electromagnetic techniques [e.g. Kovaks and Morey, 1986].
• Remote sensing methods from below that measure ice draft. These also require
further information to convert measurements to mass:
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– Submarine sonar profiling [e.g. Wadhams, 1981; Rothrock et al., 1999].
– Moored upward sonars [e.g. Melling and Moore, 1995b; Vinje, 1989].
• Direct measurements via drilling [e.g. Rothrock, 1986].
Most sea ice thickness data has been collected using submarine upward sonar profiling
[Rothrock et al., 1999]. In Baffin Bay sea ice is mostly composed of first-year ice with
a thickness of 0.5 – 1.5 m [Wadhams et al., 1985]. In the Greenland Sea the sea ice is
mostly partially melted multi-year ice with an average thickness of around 1 m [Vinje,
1989; Wadhams, 1992]. Within the Arctic basin there is a gradation of sea ice thickness
increasing from the Siberian shelves, where it is 2 – 3 m thick, towards northern Green-
land and the Canadian Archipelago, where the thickness is 7 – 8 m as a result of the
pressure ridging in this region [LeShack, 1980; Wadhams, 1981; Bourke and McLaren,
1992; Wadhams, 1992]. On average Arctic multi-year sea ice is 2.7 m thick [Thomas
et al., 1996; Laxon et al., 2003].
1.3 Arctic Freshwater Budget
The main sources of freshwater to the Arctic are river runoff and net precipitation minus
evaporation plus sea ice melt, glacial ice melt and Bering Strait inflow of low salinity
water [Ekwurzel et al., 2001]. Freshwater is exported from the Arctic via Fram Strait
and the Canadian Archipelago into the northern North Atlantic.
The Arctic freshwater export is dominated by sea ice through Fram Strait. Dickson
et al. [2007] review the freshwater fluxes in the Arctic and sub-Arctic seas. They report
a Fram Strait solid sea ice export of 82 mSv, constituting around half of the total
Fram Strait freshwater export (∼ 160 mSv). Estimates of freshwater export on the
west side of Greenland via Davis Strait range from 72 to 130 mSv, slightly less than
the Fram Strait export [Dickson et al., 2007]. Supporting these estimates, Serreze et al.
[2006] estimate solid and liquid export fractions through Fram Strait of 26 and 25 %
respectively and a liquid freshwater export fraction through the Canadian Archipelago
of 35 %. Freshwater export through Hudson Strait is also reported to constitute 25 –
50 % of the total freshwater flux into the Labrador Sea [Dickson et al., 2007]. Aksenov
et al. [2010a] report that water exported on the western side of Greenland is cooler and
fresher than that on the eastern side.
Many studies have reported a recent increase in the amount of freshwater supplied to the
Arctic Ocean [e.g. Peterson et al., 2002; Box et al., 2004; Dyurgerov and Carter, 2004;
Symon et al., 2005; Dickson et al., 2007; Solomon et al., 2007]. This includes an increase
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in Arctic river discharge resulting from an intensified hydrological cycle in the warming
Arctic [e.g. Peterson et al., 2002; Wu et al., 2005], increased sea ice melt, leading to a
reduction in both sea ice thickness and extent [e.g. Comiso, 2002; Serreze et al., 2003;
Comiso et al., 2008; Rothrock et al., 2008; Kwok et al., 2009; Kwok and Rothrock, 2009]
and increased Greenland glacial melt [e.g. Krabill et al., 2000; Rignot and Thomas, 2002;
Rignot and Kanagaratnam, 2006; van den Broeke et al., 2009; Velicogna, 2009]. Peterson
et al. [2006] summarize that between the 1960s and 1990s, the increasing Arctic river
discharge has contributed an extra ∼ 20 000 km3 freshwater, sea ice melt an extra ∼ 15
000 km3, and glacial ice melt an extra ∼ 2000 km3 to the Arctic and northern North
Atlantic over this period.
Water from the North Pacific flows through Bering Strait into the Arctic as a result of
the hydrostatic head between the North Pacific and the North Atlantic [Weyl, 1968].
The North Pacific has a lower salinity with respect to the North Atlantic and there-
fore represents another freshwater source to the northern North Atlantic via the Arctic
surface water. Aagaard and Carmack [1989] report that the Bering Strait freshwater
flux is 1670 km3yr−1, out of a total of about 0.8 Sv inflow of water. More recently
Woodgate and Aagaard [2005] estimate that the Alaskan Coastal Current carries 2500
km3yr−1 (∼ 80 mSv) freshwater into the Arctic. This increase indicates an improve-
ment in the methodology for obtaining such estimates as opposed to an increase in
Bering Strait freshwater flux. Over the period 1990 – 1994, Roach et al. [1995] quote
a mean total transport of 0.83 Sv through Bering Strait into the Arctic. The pressure
gradient along the strait is modulated by short-term weather patterns, and long-term
atmospheric conditions are therefore likely to have an important influence on variations
in the Bering Strait inflow [Woodgate and Aagaard, 2005]. The main pathway for Pa-
cific Water into the northern North Atlantic is via the Canadian Archipelago [Melling
et al., 2008]. Estimates of Pacific Water export to the northern North Atlantic are larger
than the measured Bering Strait inflow, 1.9 Sv [Falck et al., 2005], indicating that the
“Pacific Water export” includes locally formed Arctic upper halocline water [Aksenov
et al., 2010a].
As the only freshwater export out of the Arctic occurs via Fram Strait and the Canadian
Archipelago into the northern North Atlantic, it follows that, linked with the reports
of increased Arctic freshwater supply, there are reports of an associated decrease in
salinity of the waters within the Nordic Seas and the subpolar basins of the northern
North Atlantic [e.g. Curry et al., 2003; Curry and Mauritzen, 2005; Dickson et al., 2002].
Furthermore, Peterson et al. [2006] suggest that the volume of extra freshwater input to
the Arctic between 1965 and 1995 equals the extra volume required to cause the amount
of freshening observed within the northern North Atlantic.
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1.3.1 Atmospheric Circulation and River Runoff/Precipitation
A strong positive NAO/AO index signifies a decrease in the Icelandic pressure caus-
ing a poleward shift in the path of the westerly low pressure systems that cross the
Atlantic. This results in more frequent and deeper cyclones over the Arctic drainage
basins, causing positive precipitation anomalies over the Arctic and at high latitudes fol-
lowed by a corresponding increase in river discharge [Serreze et al., 1997]. Additionally
Dickson et al. [2000] report that periods of positive NAO are associated with positive
precipitation anomalies over Scandinavia and Siberia. Therefore, in combination with
the increasing global mean temperature causing a greater poleward moisture transport,
the positive phase of the NAO/AO could explain the observed increase in Arctic river
discharge [Wu et al., 2005; Peterson et al., 2002].
1.3.2 Atmospheric Circulation and Arctic sea ice
Many studies have highlighted the role played by the atmospheric circulation regimes
over the Arctic and North Atlantic in causing the observed variations in Arctic multi-
year sea ice cover [e.g. Johannessen et al., 1999; Rigor et al., 2002]. In addition, Rigor
and Wallace [2004] and Rignot and Thomas [2002] have highlighted the influence of both
individual anomalies and longer-term changes in the atmospheric circulation on sea ice
circulation, thickness and thermodynamic state. Figure 1.5 compares the NAO/AO
record with the sea ice extent and Fram Strait sea ice flux observations between 1979
and 2009. Here the sustained strongly positive phase of the NAO/AO from the late
1980s to mid 1990s can be seen coupled with the decreasing sea ice extent. However, the
sea ice extent continues to decrease after the NAO/AO indices switched to more neutral
conditions in the mid 1990s.
Using ice motion from satellite passive microwave data between 1978 and 1996, Kwok
and Rothrock [1999] estimate an average winter sea ice export through Fram Strait of
670 000 km2 (7 % of the Arctic Ocean area), see Figure 1.5. There is a general upward
trend in Fram Strait sea ice export over the whole record and more than 80 % of this
sea ice flux variance may be explained by the sea level pressure gradient across Fram
Strait. This is influenced by the strength of the Icelandic Low and therefore, the phase of
the NAO, with higher ice area fluxes occurring during positive NAO phases [Kwok and
Rothrock, 1999]. The correlation is reduced during the negative NAO years because the
dominance of this large-scale atmospheric pattern over the sea level pressure gradient
is reduced [Kwok and Rothrock, 1999]. Data from Vinje et al. [1998] and Kwok et al.
[2004] indicate that from the late 1990s onwards, the Fram Strait sea ice export returned
to values observed before the sustained period of strongly positive NAO index.
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Figure 1.5: Time series of the winter (DJF) NAO (blue) and AO (red) indices com-
pared with the sea ice extent data and winter sea ice area flux via Fram Strait. NAO/AO
data was sourced from National Weather Service [2010] and the sea ice data from
National-Snow-Ice-Data-Center [2009] and Kwok and Rothrock [1999].
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Johannessen et al. [1999] found that the winter NAO index is lag correlated with the
following summer minimum ice cover and therefore the following winter multi-year sea
ice area. They concluded that the NAO index explains about 25 % of the multi-year ice
variability between 1978 and 1998. Rigor et al. [2002] used a model to show that, as the
winter AO becomes more positive, there is more offshore and divergent ice motion from
the Siberian and Alaskan coast, leading to an anomalous coverage of thin first-year ice
in spring, that is more easily melted. This exposes larger areas of open water causing
enhanced absorption of the solar energy and augments the melting therefore, reducing
the sea ice area further. Rigor et al. [2002] concluded that at least part of the recently
observed thinning of Arctic sea ice could be attributed to the strongly positive AO.
It would appear, therefore, that the reduction in sea ice cover in the 1980s and 1990s
(Figure 1.5) might be attributed to variations in the Arctic atmospheric circulation.
However, since the change of the NAO/AO from positive to more neutral and changeable
conditions in the late 1990s, the ice cover has continued to decrease (Figure 1.5) [Over-
land and Wang, 2005]. Rigor and Wallace [2004] and Zhang et al. [2008] suggest that the
positive NAO/AO phase may have served to “precondition” the Arctic sea ice system
whereby the positive NAO/AO between 1989 and 1995 flushed out the thick multi-year
ice leaving thinner ice that only survives two melt seasons or less. This results in sea ice
decline even after the NAO/AO has returned to more neutral conditions. In addition,
Maslanik et al. [2007] concluded that atmospheric circulation remains a significant factor
in determining the Arctic sea ice extent. However, studies by Rothrock and Zhang [2005]
and Lindsay and Zhang [2005] have contradicted these arguments, suggesting instead
that the downward trend in sea ice extent, observed during the strongly positive phase
of the NAO/AO, 1988-1995, resulting from the AO/NAO index has overprinted and
therefore, accelerated a pre-existing downward trend resulting from the Arctic warming.
Supporting this, a recent modeling study investigating the Arctic response to a positive
AO index [Houssais et al., 2007] concluded that the observed Arctic surface freshening
and the enhanced sea ice melt should be attributed to the observed Arctic atmospheric
warming in addition to modes of atmospheric circulation variability.
Studies of the sea ice extent prior to the satellite era have reported oscillations in the
ice cover with periods of 60 – 80 and 20 – 30 years that superimpose a continuous
downward trend [Divine and Dick, 2006]. This oscillation is potentially related to the
phase of the NAO/AO, however, sea ice extent in the 20th century is reported to be at
an unprecedented low since 1200 AD [Fauria et al., 2010]. Additionally, model studies
have highlighted the NAO’s influence on changes in sea ice extent between 1860 and
2300 [Strong and Magnusdottir, 2010]. However, this influence is dependent on position
of the sea ice edge and therefore appears to only account for 2 % of the total sea
ice variability [Strong and Magnusdottir, 2010]. Longer-term studies back to the Last
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Glacial Maximum link changes in the sea ice conditions in the Nordic Seas to regional
and global climate anomalies and the ocean circulation in the North Atlantic [Mu¨ller
et al., 2009] and indicate that the sea ice at the Last Glacial Maximum was restricted to
the western side of the Nordic Seas leaving the central to eastern side ice free [Pflaumann
et al., 2003].
In summary, there is a link between the naturally varying atmospheric circulation and
multi-year sea ice variability but it is clear that at least part of the recently reported
sea ice decline since the 1970s is a result of the increase global temperatures.
1.3.3 Atmospheric Circulation and Liquid Arctic Freshwater Export
Atmospheric circulation regimes in the northern North Atlantic and the Arctic have
been shown to influence Arctic sea ice export (see above). However, studies of the at-
mospheric circulation influence on Arctic liquid freshwater export are relatively limited.
Proshutinsky et al. [2002] report that anticyclonic circulation over the Arctic concen-
trates freshwater into the Beaufort Gyre through Ekman convergence. Therefore, a shift
to cyclonic circulation is an important factor in Arctic freshwater export. Additionally,
positive AO forcing, weakens the Beaufort Gyre, increasing the liquid freshwater export
[Zhang et al., 2003]. This redistribution of freshwater in the Arctic basin has the poten-
tial to influence the salinity of the northern North Atlantic. Karcher et al. [2005] report
that the freshening of the Greenland, Iceland and Nordic Seas in the 1990s was the
result of larger than usual Arctic liquid freshwater export in response to the strongly
positive phase of the NAO/AO that prevailed at this time. Jahn et al. [2010], using
model simulations, report that the Arctic liquid freshwater export through the Cana-
dian Archipelago and Fram Strait lag shifts in the AO by 1 and 6 years, respectively.
However, the relationship between the AO and Fram Strait freshwater export is less
robust, relative to that with the Canadian Archipelago export, and complicated by local
wind forcing and local circulation changes in the Eurasian Basin [Jahn et al., 2010].
1.4 The Northern North Atlantic
1.4.1 Surface currents from the Fram Strait to Newfoundland
The main surface currents of the northern North Atlantic that are important to the work
presented in this thesis are summarized in Figure 1.6. In the northern North Atlantic,
the circulation and distribution of watermasses is strongly affected by the bathymetry
of the region. For example, the southward flowing EGC appears to be bound to the
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continental shelf of the East Greenland Continent and northward Norwegian Atlantic
Current flows along the continental shelf of Norway [e.g., Johannessen, 1986; Rossby
et al., 2009].
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Figure 1.6: Schematic of the surface circulation in the North Atlantic. BIC = Baffin
Island Current, EGC = East Greenland Current, EGCC = East Greenland Coastal
Current, EIC = East Icelandic Current, JMC = Jan Mayen Current, LC = Labrador
Current, NAC = North Atlantic Current, WGC = West Greenland Current, WSC =
West Spitsbergen Current.
1.4.1.1 The East Greenland Current and the East Greenland Coastal Cur-
rent
The EGC is the southern extension of the Transpolar Drift Stream. It is a surface western
boundary current that flows from Fram Strait to Cape Farewell (the southernmost tip
of Greenland) along the eastern margin of Greenland. The EGC provides a key route
for export of freshened surface water from the Arctic and is therefore, an important link
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between the Arctic and the northern North Atlantic [e.g. Bacon, 1997; Bacon et al.,
2002; Wilkinson and Bacon, 2005; Bacon et al., 2008].
At Fram Strait the EGC consists of six main layers [Rudels et al., 2002]:
• PSW and warm Polar Surface Water (PSWw): PSW originating from the cold, low
salinity surface water of the Arctic and PSWw, from sea ice melt water interaction
with inflowing warm AW at Fram Strait. This layer contains the majority of the
freshwater transported within the EGC.
• Polar Intermediate Water: this is formed within the Arctic halocline and is much
less fresh than the PSW and PSWw, but carries the remainder of the freshwater
exported from the Arctic via Fram Strait.
• Arctic Atlantic Water: this is water from below the Arctic halocline and is of
Atlantic origin.
• Upper Polar Deep Water: this is cold saline water from below the Arctic Atlantic
layer.
• Canadian Basin Deep Water: this is deep water formed in the Canadian Basin
above the Fram Strait sill.
• Eurasian Basin Deep Water: this is deep water formed in the Eurasian Basin above
the Fram Strait sill.
Southwards from Fram Strait, these watermasses evolve downstream because of mixing
between them and with adjacent watermasses [Rudels et al., 2002]. Recirculating AW
mixes with the intermediate layers of the EGC at the Greenland Fracture Zone (78 ◦N).
Greenland Sea Deep Water mixes with the deeper layers of the EGC around 75 ◦N. Part
of the EGC splits off from the main current forming the JMC flowing eastward from
the East Greenland margin at the Jan Mayen Fracture Zone (71 ◦N). Additionally, just
north of Denmark Strait, part of the EGC flows eastwards to form the East Icelandic
Current (EIC) [Jonsson, 2007]. Jonsson [2007] estimate freshwater fluxes within these
currents of 10 mSv and 5 mSv respectively. At 70 ◦N, the intermediate layers of the
EGC move offshore from the main current and meet the North Icelandic Irminger Cur-
rent (NIIC). The Denmark Strait sill is too shallow to allow the deeper layers of the
EGC to pass over and these therefore recirculate to the interior of the Iceland Sea. The
rapidly changing bathymetry of the Denmark Strait sill causes mixing between the inter-
mediate watermasses of the EGC forming Denmark Strait Overflow Water [Logemann
and Harms, 2006].
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Immediately south of Denmark Strait, the East Greenland Coastal Current (EGCC),
splits from the EGC and forms an inner branch of the main current, see Figure 1.6
[Sutherland and Pickart, 2008; Bacon et al., 2008]. The EGCC, first described by Bacon
et al. [2002], is a freshwater jet flowing south, inshore of the EGC, on the East Greenland
Shelf. Sutherland and Pickart [2008] hypothesized that the EGCC formation is a result
of the bathymetry and along-shelf wind forcing. However, Bacon et al. [2008] suggest
that, while wind may be the organizing principle for the EGCC, sea ice melt water is
the dominant factor in its formation.
The EGC/EGCC is subject to temporal variability on a timescale of 2 to 3 days as a
result of wind forcing along the East Greenland Shelf [Sutherland and Pickart, 2008].
There have been many estimates for the volume flux of the EGC that range from 2 to 35
Sv [Aagaard and Coachman, 1968; Foldvik et al., 1988; Hopkins, 1991; Schlichtholz and
Houssais, 1999]. Estimates of liquid freshwater transport through Fram Strait within the
EGC are variable, between 65 and 95 mSv on average [Dickson et al., 2007]. Estimates
of sea ice passing through Fram Strait are more consistent at around 88 mSv [Aagaard
and Carmack, 1989; Dickson et al., 2007]. Using stable oxygen isotope methods, Bauch
et al. [1995] and Meredith et al. [2001] calculate that the amount of liquid freshwater
passing through Fram Strait in the EGC is equal to that of sea ice.
Bacon et al. [2002] quote a spot estimate for the freshwater flux in the EGCC of 0.06
Sv (calculated using a reference salinity of 34.956 the Atlantic mean salinity; Bacon
[1997]). Wilkinson and Bacon [2005] estimate the EGCC freshwater flux as 0.002 to 0.1
Sv, thereby validating that of Bacon et al. [2002] as an average summer flux. Therefore,
the EGCC is an important component of the Atlantic and Arctic freshwater balance.
The salinity of the EGCC decreases both towards the shore and towards the surface
[Bacon et al., 2002].
The main freshwater sources to the EGC/EGCC are Arctic runoff and sea ice melt-
water [e.g. Bauch et al., 1995] with a smaller contribution from Greenland glacial melt
[Azetsu-Scott and Tan, 1997]. Although the volume transport of the EGC/EGCC is
roughly constant from the Denmark Strait to Cape Farewell, hydrographic measure-
ments indicate a decrease in salinity downstream, implying that the freshwater flux of
these currents increases by 60 % between Denmark Strait and Cape Farewell [Suther-
land and Pickart, 2008]. Glacial and sea ice meltwater addition and net precipitation
are thought to cause this increase in freshwater flux [Sutherland and Pickart, 2008].
EGC salinities reported since the 1930s show considerable spatial and temporal variabil-
ity. The long-term mean salinity of the EGC is 34.67 ± 0.11 [Hughes and Lavin, 2005],
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with occasional local minima down to 27.7 [Rudels et al., 2002]. Typically, salinity val-
ues below 33.5 constrain the EGCC, with a mean salinity in the range 32.5 – 33 [Bacon
et al., 2002; Wilkinson and Bacon, 2005].
West of Cape Farewell, the EGC and EGCC merge to form the West Greenland Current
(WGC), Figure 1.6, transporting freshwater into the Labrador Sea [Cuny et al., 2002;
Holliday et al., 2007]. A recent study by Holliday et al. [2007] revealed a decrease in
transport of the EGC/EGCC between Cape Farewell and the eastern Labrador Sea.
This is balanced by a retroflection of a substantial part of these currents into the cen-
tral Irminger Basin, the interior of the North Atlantic Subpolar Gyre. Therefore, the
EGC/EGCC has the potential to transport Arctic freshwater into the general circula-
tion of the North Atlantic, directly affecting deep water formation in the northern North
Atlantic.
1.4.1.2 West Greenland Current and Labrador Current
The WGC flows northwards along the west coast of Greenland. Bacon et al. [2008]
give estimates of the WGC transport at Cape Desolation (southwest Greenland) of ∼
1.5 Sv and further north near Davis Strait of ∼ 0.25 Sv. Freshwater transport at Cape
Desolation before 1993 is ∼ 30 mSv, and after 1993 is ∼ 85 mSv [Bacon et al., 2008]. This
increase coincides with increasing sea surface temperatures and surface air temperatures
in this region. At Davis Strait the freshwater transport is ∼ 10 mSv [Bacon et al., 2008].
Along its path, part of the WGC splits off southwestwards at, and just south of Davis
Strait into the Labrador Sea and the LC (see Figure 1.6).
The water exported via the Canadian Archipelago mixes with the WGC to become the
Baffin Island Current (BIC), which flows south along the eastern side of Baffin Island
(Figure 1.6). Melling et al. [2008] estimate a southward freshwater transport through
Baffin Bay of 22 mSv (net value) and through Davis Strait of 19 mSv (western side only).
The BIC becomes the LC further south (Figure 1.6), carrying ice and cold water towards
the Great Banks of Newfoundland. There is a front separating the cold polar waters from
the northward-flowing waters of the warm Gulf Stream [Wadhams and Davis, 2000].
1.4.2 Northward movement of Atlantic Water
The North Atlantic Current (NAC) transports warm, relatively saline water northwards
into the northern North Atlantic (see Figure 1.6) [Rudels et al., 2005]. At approximately
26 ◦W, the Irminger Current (IC) branches off from the main branch of the NAC [Bersch
et al., 1999]. At 66 ◦N, the IC splits, one branch transporting AW clockwise around
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Iceland, the NIIC, and the other, turning southwest and subsequently meeting the EGC
at the Denmark Strait. The boundary between these currents is termed Denmark Front
[e.g. Malmberg, 1986; Johannessen, 1986]. Together, the EGC and IC constitute the
upper limb of the North Atlantic subpolar gyre circulation.
The NAC becomes the Norwegian Atlantic Current north of where the IC branches off
from the main current, and moves northwards up the coast of Norway (Figure 1.6). There
are two branches in the Norwegian Atlantic Current, a shelf edge barotropic branch and
an offshore baroclinic branch [Walczowski and Piechura, 2007; Rossby et al., 2009]. Part
of the Norwegian Atlantic Current enters the Arctic via the Barents Sea, the remainder
of it moves westward to, and subducts below the cold, less saline Arctic surface water
becoming the subsurface WSC flowing into the Arctic via Fram Strait. Part of the WSC,
before entering the Arctic, recirculates in Fram Strait and forms an intermediate layer of
the EGC, the rest flows into the Arctic following the northern edge of the Russian shelf
and rejoins the Barents Sea branch. AW inflow into the Arctic is roughly equally divided
between the Barents Sea and Fram Strait, however, measurements have shown that most
of the heat transported into the Arctic occurs via Fram Strait [Aksenov et al., 2010b]. In
the Greenland Sea, there is a large cyclonic gyre formed by the westward movement of
the WSC branch of the Norwegian Atlantic Current and the eastward movement of the
JMC further south [Johannessen, 1986; Walczowski and Piechura, 2007; Rossby et al.,
2009].
1.5 Importance of monitoring Arctic Freshwater Export
The freshwater budget of the northern North Atlantic is significant in terms of global
ocean circulation and global climate. Understanding the nature of the freshwater flux
into this region is therefore important. The main source of freshwater to the northern
North Atlantic is the Arctic surface water. The EGC, EGCC, WGC and LC are the
key carriers of the lower salinity water from the Arctic Basin into the Nordic Seas, the
Labrador Sea and the northern North Atlantic in general.
There is much evidence for changes in the Arctic freshwater budget, specifically increases
in runoff and precipitation, sea ice melt and Greenland glacial melt. It is possible that
these changes may in turn modify the freshwater budget of the northern North Atlantic
via an increase in the freshwater supply to the region.
Therefore, it is important to monitor the sources and variations of the freshwater ad-
mixture to the surface currents exiting the Arctic. This will allow better predictions of
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the potential ramifications of the increasing global temperatures on the AMOC and in
turn the global climate.
Therefore, the main aim of this thesis is to investigate the proportions of the different
freshwater sources to the main currents exiting the Arctic. I also aim to gain insight
into how these proportions change en route from Fram Strait to Newfoundland via
the EGC/EGCC, WGC and LC; with freshwater additions from ice melt and via the
Canadian Archipelago and freshwater losses via the JMC, EIC; therefore forming a
“big picture” freshwater budget for these currents. Finally, by amalgamating previously
recorded data with new data reported in this thesis I aim to get an idea of how this
freshwater budget may change on interannual timescales.
Specifically, to characterize and quantify the freshwater within these currents, I will use
salinity and oxygen isotope data of water samples. Additionally, hydrogen isotope data
are presented, as an extra hydrographic tracer, to investigate its use for the distinction
of Greenland glacial meltwater in these watermasses.
A brief synopsis of the chapters is presented below.
• Chapter 1: Introduction — Overview of the subject area and literature relevant
to the questions addressed in this thesis.
• Chapter 2: Stable Isotopes — Summary of oxygen and hydrogen isotopes in
the hydrological cycle and their use as hydrographic tracers.
• Chapter 3: East Greenland Current System — Presentation and interpre-
tation of salinity and oxygen isotope data from the EGC and the EGCC.
• Chapter 4: Labrador Sea Current System — Presentation and interpretation
of salinity and oxygen isotope data from the WGC and the LC.
• Chapter 5: Hydrogen Isotopes — Analysis of the world surface ocean oxygen
and hydrogen isotope mixing relationship and investigation of hydrogen isotopes
as a possible tracer for Greenland glacial meltwater.
• Chapter 6: Synthesis of the Arctic Freshwater Mass Balance — Summary
of the main findings presented in this thesis and potential areas for future research.
Chapter 2
Stable Isotopes in Watermasses
Abstract
Oxygen and hydrogen isotopes are quasi-conservative tracers for watermasses in the
ocean. They represent equally useful hydrographic tracers for distinguishing between
different freshwater sources. This chapter presents an overview of stable isotope studies
in watermasses in the Arctic and northern North Atlantic and summarizes how they will
be used in this thesis to identify the freshwater sources of the currents that exit from the
Arctic into the northern North Atlantic.
2.1 Oxygen Isotopes
Oxygen isotopes are widely used for a variety of purposes in climate studies as both
a proxy and a tracer. There are three stable oxygen isotopes (global abundances are
shown in brackets): 16O (99.789 %), 17O (0.37 %) and 18O (0.204%). In the hydro-
logical cycle, as water changes from one phase to another (i.e. during evaporation or
precipitation), there is partitioning of the isotopes between the phases, this is termed
isotopic fractionation. The fractionation factor (α) quantifies the extent of fractionation
between two phases, for example liquid and vapor:
α =
Rliquid
Rvapor
(2.1)
where R is the isotopic ratio of the phases. There are two types of fractionation: equilib-
rium and kinetic. Equilibrium fractionation involves the partitioning of the isotopes, ac-
cording to their relative bond strengths, between phases that are in equilibrium. Kinetic
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fractionation occurs when kinetic effects cause a deviation from equilibrium fractiona-
tion as a result of different reaction rates for the isotopic species, generally associated
with diffusion rates [e.g., Craig and Gordon, 1965; Cooke and Rohling, 2001].
Like salinity, the ratio of the more abundant isotopes, 18O and 16O, in seawater has been
shown to be a quasi-conservative tracer for different watermasses. However, it has an
advantage over salinity. Salinity is a tracer of oceanic fluid as a whole allowing the differ-
entiation between seawater and freshwater. Whereas, the oxygen isotopic composition
is specific to the water component of the seawater allowing the differentiation between
different freshwater sources in seawater [Craig and Gordon, 1965]. The stable isotope
ratio is expressed in delta notation (δ18O) defined as the per mil deviation of the ratio
in the seawater from the ratio in a standard, traditionally the Vienna Standard Mean
Ocean Water (VSMOW) international standard (Equation 2.2).
δ18O =

(
18O
16O
)
sample(
18O
16O
)
V SMOW
− 1
× 1000. (2.2)
The δ18O of seawater varies primarily as a result of fractionation within the hydrolog-
ical cycle (evaporation and precipitation). Additionally, the degree of long-term water
storage in ice caps and aquifers, and processes that involve the advection and mixing of
watermasses from differing origins will also affect the isotopic ratio.
During evaporation, water molecules composed of the lighter isotope are preferentially
taken into the vapor phase, as a result of their higher vapor pressures, leaving the
remaining seawater enriched in 18O. The fractionation during evaporation has been
shown to decrease with increasing temperature [Majoube, 1971]. The observed vapor
is depleted more strongly than expected from equilibrium processes alone, indicating
the occurrence of kinetic processes during evaporation [Craig and Gordon, 1965]. Craig
and Gordon [1965] and Gofiantini [1986] suggest that the kinetic fractionation occurs
in the boundary layer of the water-air interface and that it depends on the relative air
humidity, sea surface roughness and the δ18O composition of the air.
Further fractionation occurs during precipitation. Here, kinetic processes are negligible
as the relative humidity is 100 % [Ehhalt and Knott, 1965]. The heavier water molecules
condense first and, therefore, the precipitation is enriched relative to 18O. The remaining
vapor consequently becomes progressively more depleted with respect to 18O as more
droplets condense. The resulting precipitation reflects this depletion. This is termed
the Rayleigh distillation process (Figure 2.1). As a result, the precipitation formed at
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higher latitudes, further from the evaporation source, is significantly depleted compared
to that formed at the tropics [Cooke and Rohling, 2001].
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Figure 2.1: Schematic of the evolution the δ18O of atmospheric vapor and the corre-
sponding precipitation with increasing condensation according to a Rayleigh distillation.
Modified from Cooke and Rohling [2001]
The fractionation of oxygen isotopes during evaporation and precipitation influences
the isotopic composition of the surface water of the world ocean via direct addition or
continental runoff. There is therefore, a roughly zonal pattern of δ18O variability in
the surface ocean [Cooke and Rohling, 2001]. Sea surface water δ18O at the equator is
around −2 h, whereas in the polar seas it is depleted with values of around −10 h,
δ18O. The δ18O of Greenland ice ranges between −20 and −40 h [Reeh et al., 2002] as
a result of the isotopic value of high latitude precipitation and the age of the ice. The
age of the ice influences the δ18O value because over geological history, the sea surface
δ18O has not remained constant and therefore, the δ18O value of the vapor evaporated
from the sea surface and the consequent precipitation and glacial formation depend on
the time at which this occurs. Therefore, the Greenland glacial δ18O value is not a
result of the contemporary hydrological cycle. Deviations from the zonal sea surface
δ18O pattern are caused by meridional components of atmospheric circulation, iceberg
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melt addition (from calving continental ice sheets adding a “fossil” isotopic signature),
sea ice influences and oceanic advection [Cooke and Rohling, 2001].
The oxygen isotope fractionation during the formation of sea ice from the sea surface is
small compared to the vast salinity difference [MacDonald et al., 1995]. Sea ice formation
and melting, however, causes seasonal variation in the δ18O of seawater. These variations
are not necessarily reversible because the increase in the salinity of surface waters as a
result of sea ice formation may lead to convection and transport of those surface waters
to the ocean interior which, are then replaced by surface water of different sea ice history.
Therefore, subsequent melting of the sea ice will not cancel out the effect of the sea ice
formation [Rohling and Bigg, 1998]. Variations in the freshwater cycle and the influence
of sea ice processes have a significant impact on local and basin wide seawater δ18O. The
δ18O in subsurface watermasses is conservative and so these variations will influence the
isotope ratio in regions far removed from where the isotopic modification has occurred
[Rohling and Bigg, 1998].
The advection and mixing of watermasses has an important influence on the seawater
δ18O distribution. Away from the ocean surface, the δ18O may be used as a conservative
tracer for transport and mixing of watermasses [e.g. Weiss et al., 1979; Fairbanks, 1982].
The δ18O of a mixture of watermasses results from the volumetrically weighted average
of the δ18O of each of the watermasses that constitutes the mixture. Any change in
the relative proportions or the δ18O of the constituent watermasses would then affect
the δ18O of the mixture. Therefore, watermass formation and mixing on ocean wide
scales are important processes for determining the distribution and variations in δ18O.
Additionally Rohling and Bigg [1998] and Schmidt [1998] highlight the importance of
advective processes for the δ18O distribution.
2.1.1 Salinity:δ18O Relationships
Evaporation, precipitation and runoff govern both δ18O and the salinity of the sea surface
water. As a result, there is a strong relationship between these two properties. Due to
the nature of the governing processes, this relationship is not simple and varies regionally
and over long timescales [Rohling and Bigg, 1998]. Watermasses can be defined by their
salinity and δ18O values and plots of these watermasses in S:δ18O space allows the
identification of mixing relationships.
Changes in the freshwater budget and advection affect both the salinity and δ18O of
surface water. While all the terms in the freshwater budget have zero salinity, they
have widely ranging δ18O values making it possible for the differentiation of freshwater
sources and the quantification of the proportions in which they are mixed [Craig and
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Gordon, 1965]. Therefore, extrapolation of the slope of a S:δ18O mixing line to zero
salinity gives the δ18O composition of the net freshwater contribution to the studied
watermass and consequently, can be used to identify the possible freshwater sources to
the watermass. Sea ice δ18O is very similar to that of high latitude seawater (zero to
low positive values), while high latitude meteoric water and land-ice have very negative
δ18O values [Craig and Gordon, 1965; IAEA/WMO, 2006].
Isotope fractionation during sea ice melting and formation is small relative to the salinity
change. Therefore sea ice and the rejected brine have a near horizontal relationship in
S:δ18O space compared to the mixing relationship between Atlantic Water (AW) and
high latitude meteoric water.
2.1.1.1 Salinity:δ18O Relationships in the Arctic
Originally, Craig and Gordon [1965], followed by Redfield and Friedman [1969], suggested
that isotope ratios in the Arctic Basin could be used together with salinity to separate
contributions of meteoric water and sea ice melt to the freshwater admixture. Since
then, several studies have used the quasi-conservative nature of salinity and δ18O to
characterize watermasses in certain regions and to determine the freshwater sources to
these watermasses.
Using the S:δ18O relationship observed in the Arctic watermasses, Bedard et al. [1981],
examined the influence of glacial meltwater, sea ice melt and river runoff inputs in two
fjords discharging into Baffin Bay and Canadian coastal waters. Following on from this,
Tan and Strain [1982] have studied the distribution of sea ice melt in Baffin Bay and
the Canadian Arctic also using the S:δ18O relationship in the watermasses.
O¨stlund and Hut [1984] investigated the distributions of δ18O and tritium isotopes in
the Arctic Ocean in order to derive quantitative information on the processes that affect
the Arctic watermass balance and to differentiate between sea ice melt and river runoff
inputs. They use salinity values of 34.92 for the Atlantic source water, zero for meteoric
water and 4 for sea ice. A δ18O value of 0.3 h for AW was obtained from extrapolating
the S:δ18O relationship they found to the Atlantic salinity. Arctic runoff has a δ18O value
of −21h, indicated by the reported δ18O of precipitation north of 60 ◦N [IAEA/WMO,
2006]. Using these values, O¨stlund and Hut [1984] calculated an annual net production
of 0.59 m of sea ice in the Arctic and an input of 1.16 m freshwater from continental
river runoff, local precipitation and inflow via Bering Strait. Consequently, O¨stlund and
Hut [1984] estimated a net ice production of 0.15 Sv and a meteoric flux of 0.18 Sv out
of the Arctic.
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Tan et al. [1983] use the oxygen isotope method to assess the importance of sea ice
meltwater to the observed excess alkalinity in waters of the West Spitsbergen Current
(WSC) and East Greenland Current (EGC). Similarly, Ekwurzel et al. [2001] use salinity,
nutrients, dissolved oxygen and δ18O data from the 1980s and 1990s to examine the
freshwater components of the Arctic Ocean. They find that most of the higher salinity
data fall on a mixing line between AW and Arctic river runoff (weighted average δ18O
= −18 h). Regional sea ice melt is identified in the deviation of the lower salinity
data from this AW-Arctic river runoff mixing line. The authors conclude that changes
in the atmospheric forcing regimes — the North Atlantic Oscillation (NAO) and Arctic
Oscillation (AO) — might be driving the reorganization of freshwater masses in the
Arctic Ocean.
Yamamoto-Kawai et al. [2005] use historical δ18O and alkalinity data (1929 – 2002) to
deduce the freshwater and brine behaviors in the Arctic Ocean. They find that rejected
brine during sea ice formation remains in the surface water of the central Arctic Ocean
but sea ice melt exits the Arctic via surface flows of water into the Atlantic Oceans.
In addition, they report that the freshwater runoff from Siberia and Canada enters the
deep Arctic basin.
From the S:δ18O relationship in Arctic, Bauch et al. [1995] were able to calculate the
mean residence of the runoff in the Arctic as 11 – 14 years. In addition, their calculated
water column inventories of runoff and sea ice melt just north of Fram Strait indicate
that the sea ice meltwater contribution is approximately half that of the meteoric water.
Bauch et al. [1995] also calculate a sea ice export through Fram Strait of 0.07 to 0.18
Sv.
Two hydrographic sections, across the Fram Strait (as part of the VEINS project),
were occupied in August – September 1997 and 1998. From the analysis of δ18O data
collected in these sections, Meredith et al. [2001] report that the long-term mean sea ice
flux through Fram Strait is about half the long-term mean meteoric water, corroborating
the results of Bauch et al. [1995], and this can therefore be considered a robust feature of
the freshwater budget at the Fram Strait in the 1990s. However, Meredith et al. [2001]
found that the meteoric fluxes, while greatly exceeding the sea ice flux, are subject to
interannual variability and may be correlated to the NAO or the changing cyclonicity
of Arctic circulation.
2.1.1.2 Salinity:δ18O Relationships in the northern North Atlantic
The gradient of the S:δ18O relationship in the northern North Atlantic is essentially a
result of mixing between the isotopically light Arctic surface water [e.g. Bauch et al.,
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1995] and relatively enriched low latitude waters; sea ice formation and melt processes
modify this relationship. Therefore, the surface waters of the northern North Atlantic
have a strong underlying signal of an Arctic freshwater source, with a δ18O value of ap-
proximately −21h, defined by the S:δ18O mixing lines recorded in this region [e.g. Craig
and Gordon, 1965; Fairbanks, 1982; Frew et al., 2000]. This freshwater endmember is
depleted as a result of considerable contributions from high latitude precipitation/runoff
[O¨stlund and Hut, 1984], Greenland glacial meltwater [Bedard et al., 1981] and Arctic
riverine water [Bauch et al., 1995].
Craig and Gordon [1965] were among the first to describe the northern North Atlantic
(north of 30 ◦N) surface water using samples analyzed by Epstein and Mayeda [1953] in
combination with their own. They report that the North Atlantic Deep Water (NADW)
plots directly on a mixing line of the surface waters in S:δ18O space as is expected for deep
water renewal by convection and mixing with surface waters in a restricted region. The
freshwater intercept denoted by this mixing line is −21.2 h. Craig and Gordon [1965]
conclude that this value represents the mean freshwater admixture to these watermasses.
In addition, the authors suggest that a value of −21 h is a reasonable value for mean
high latitude precipitation.
In the region of the western margin of the northern North Atlantic (New York Bight
and Gulf of Maine), Fairbanks [1982] uses the δ18O data to identify the origins of the
continental shelf and slope water. The slope waters were found to define a mixing line
with a freshwater δ18O endmember of −21.67 ± 1.26h. This watermass is an extension
of the Labrador Current (LC) and therefore its freshwater signal is indicative of that
leaving the Arctic via Baffin Bay and the West Greenland Current (WGC).
Oxygen isotope data from Kangerdlugssuaq Fjord, Denmark Strait, define three wa-
termasses in the EGC and East Greenland Coastal Current (EGCC): AW (δ18O ∼ 0
h) occupying the Icelandic Shelf; polar waters carried within the EGC (δ18O ∼ 2 h)
occupying the surface waters of the East Greenland Shelf; and glacial meltwater (δ18O
= −30 to −20 h) flowing at the surface of the fjord and mixing with the EGC at the
fjord mouth [Azetsu-Scott and Tan, 1997]. The surface δ18O data also delineate the
East Greenland Front between the AW and the EGC in Denmark Strait. Azetsu-Scott
and Tan [1997] report a freshwater δ18O endmember, in this region, of −24.2 h, which
confirms local glacial meltwater combined with Arctic meteoric water as the dominant
source of freshwater to the region.
Frew et al. [2000] study the oxygen isotope composition of watermasses within the North
Atlantic subpolar gyre. Their data lie on a relatively straight line in S:δ18O space with
a freshwater intercept of −23 ± 1h, very similar to that reported by Craig and Gordon
[1965]. This isotopically light freshwater endmember is consistent with a large meteoric
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water component, dominated by Arctic river runoff, transported to the North Atlantic
subpolar region by the EGC and the LC. This is a reflection of the large Arctic river
outflow compared with the relatively small local precipitation. The authors find evidence
for sea ice meltwater influence in the low salinity water exiting the Labrador Sea as these
surface samples lie on a line of a much lower slope, the sea ice meltwater (δ18O ∼ 2 h)
causing the apparent freshwater admixture to become relatively heavy.
These studies indicate that the δ18O of the freshwater admixture has been roughly
constant since 1965 over the entire northern North Atlantic, at −21 to −25 h, which
highlights the dominance of Arctic runoff and Greenland glacial melt in determining the
δ18O of the northern North Atlantic region.
2.2 Hydrogen Isotopes
There are two stable isotopes of hydrogen (global abundances are shown in brackets):
1H (99.9852 %) and 2H — deuterium (D) — (0.0148 %). The fractionation of these
isotopes in water molecules during evaporation and condensation is very similar to that
of the oxygen isotopes: the heaver water molecules (consisting of D or O18 isotope or
both) have lower vapor pressures and therefore, do not preferentially enter the vapor
phase. The isotopic composition with respect to hydrogen (like oxygen) is reported as
the per mil deviation of the sample from the international VSMOW standard:
δD =
{ (
D
H
)
sample(
D
H
)
V SMOW
− 1
}
× 1000. (2.3)
As with δ18O, the fractionation of hydrogen results in decrease in δD with increasing
latitude.
Craig [1961] reported the following relationship between δ18O and δD in global meteoric
water:
δD = 8δ18O + 10 (2.4)
This relationship describes the global meteoric water line (GMWL). Although the frac-
tionation of hydrogen isotopes is similar to the fractionation of oxygen isotopes, there
is an additional kinetic effect because 1HD16O has a higher diffusivity and therefore
evaporates preferentially over 1H182 O. This results in a relative excess of D, termed the
deuterium excess (d -excess). The d -excess is defined by the intercept of the GMWL,
Chapter 2. Stable Isotopes 32
δD − 8δ18O. This kinetic effect increases with increasing evaporation rates, which in
turn depend on the vapor pressure and thus, temperature and relative humidity. The
d -excess value is therefore determined during evaporation and increases with increasing
temperature and decreasing relative humidity. The d -excess of local meteoric water lines
may differ from that of the GMWL as a result of differing evaporative conditions.
The δ18O:δD relationship in sea surface waters is similar to the GMWL. Rohling [2007]
report a world surface mixing relationship of:
δD = 7.37δ18O − 0.72 (2.5)
The intercept here, termed d -intercept hereafter to distinguish from the meteoric d -
excess, is much smaller than that of the GMWL. Kinetic fractionation during precipi-
tation is negligible [Ehhalt and Knott, 1965], therefore this difference from the GMWL
occurs as a result of evaporation from the sea surface water. The sea surface mixing re-
lationship is therefore determined by the relatively enriched remainder from evaporation
rather than the meteoric inputs.
Global δD values range from +10 to −400 h and, like oxygen, are positively correlated
to salinity in the surface ocean. Using the Equation 2.5, the δD of high latitude meteoric
water is approximately −168.7 h (δ18O = −21 h). Craig and Gordon [1965] find a δD
value of the freshwater endmember in the northern North Atlantic to be −155 h.
The measurement of δD in conjunction with δ18O is therefore useful because it allows
the quantification of the d -intercept of the studied watermass and so potentially gives an
indication of the evaporative source of the freshwater admixture. It is also another hydro-
graphic tracer that potentially allows another level of distinction between the freshwater
masses within the studied watermass. Specifically, the contemporary global hydrolog-
ical cycle governs the world surface ocean d -intercept, therefore watermasses formed
outside the contemporary mixing relationship should have a different d -intercept. For
example, Greenland glacial ice was formed in the geological past and therefore its iso-
topic mixing relationship is not the result of the contemporary hydrological cycle but
was instead shaped by the global hydrological cycle at the time that it formed. Conse-
quently, it may be possible to distinguish Greenland glacial ice from the contemporary
watermasses using its d -intercept value.
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2.3 The use of stable isotopes in this thesis
This thesis makes use of the application of salinity and δ18O as watermass tracers in
order to characterize and quantify the freshwater sources to the EGC/EGCC, WGC and
LC and therefore, the potential freshwater addition to the northern North Atlantic.
Additionally, hydrogen isotope data are used to investigate the robustness of the world
surface ocean δ18O:δD mixing relationship and to assess the use of this hydrographic
tracer in the distinction of Greenland glacial meltwater in the EGC/EGCC.
The method for shipboard water sample collection is summarized in the Appendix A.
The oxygen isotope data presented in Chapters 3 and 4 were analyzed in the Stable
Isotope Radio Mass Spectrometry laboratory at the National Oceanography Centre,
Southampton. This method is summarized in the Chapter 3.3 and Appendix B. The
oxygen and hydrogen isotope data presented in Chapter 5 were analyzed at the Stable
Isotope Laboratory at the University of California, Davis, this method is summarized
in Chapter 5.2. Additional inter-laboratory calibration methods and all data tables are
documented in Appendix C and D, respectively.
Chapter 3
East Greenland Current System
This chapter has been submitted, as a paper, to the Journal of Geophysical Research
and it is currently under review.
Abstract
Observations since the 1950s suggest that the Arctic climate system is changing in re-
sponse to rising global air temperatures. These changes include an intensified hydro-
logical cycle, Arctic sea ice decline, and increasing Greenland glacial melt. Here, we
use new δ18O data from the East Greenland Current system at Cape Farewell and Den-
mark Strait to determine the relative proportions of the freshwater components within
the East Greenland Current and East Greenland Coastal Current. Through the compar-
ison of these new data with historical studies, we gain insight into the changing Arctic
freshwater balance. We detect three key shifts in the net freshwater component δ18O
values, these are: (1) a shift to lighter values in the late 1990s that possibly indicates an
increased Greenland glacial melt or a reduced sea ice melt admixture; (2) a short-term
shift to a ∼ 10 h heavier value in 2005 followed by (3) a shift back to the historic av-
erage value in 2008. The latter fluctuation reflects a short-term dramatic rise and fall
of sea ice meltwater addition into the East Greenland Current system. We infer that
this anomalously large inclusion of sea ice meltwater resulted from a short-term peak in
Arctic sea ice export via Fram Strait. Our findings, therefore, suggest that the freshwater
carried in the East Greenland Current system is susceptible to short-term, high amplitude
changes in the upstream freshwater balance, which may have important ramifications for
the global thermohaline circulation through the suppression of deep water formation in
the North Atlantic.
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3.1 Introduction
The Arctic Ocean is the largest oceanic global freshwater reservoir. The key components
in the Arctic freshwater balance include: net evaporation and precipitation over the
Arctic Ocean; Arctic river run off; the melting and formation of sea ice; Pacific water
inflow via Bering Strait; and meltwater from continental ice sheets (specifically the
Greenland ice sheet). Freshwater additions into the Arctic basin may be exported to the
northern North Atlantic via the Nordic Seas through Fram Strait and via the Canadian
Archipelago. Alternatively, freshwater is stored within the Arctic Basin in the form of
sea ice or a low-salinity surface watermass above the Arctic halocline [e.g., Aagaard and
Carmack, 1989].
The East Greenland Current (EGC) and the East Greenland Coastal Current (EGCC)
together form the key carriers of freshwater from the Arctic into the northern North
Atlantic via Fram Strait. The EGC flows southwards out of the Arctic through Fram
Strait [de Steur et al., 2009] and along the eastern margin of Greenland via Denmark
Strait. As the EGC flows over the wide East Greenland shelf at Denmark Strait, the
current crosses the Kangerdlugssuaq Trough, a large canyon that cuts across the shelf
(50 m wide and up to 600 m deep, relative to the 250 m deep shelf). The path of the EGC
varies, either entering the canyon with no recirculation, or bifurcating so the main current
cuts across the canyon causing an anticyclonic eddy at the head of the canyon [Sutherland
and Cenedese, 2009]. This may form part of the mechanism for the formation of the
EGCC [Bacon et al., 2002; Sutherland and Pickart, 2008; Sutherland and Cenedese,
2009; Bacon et al., 2008]. Sutherland and Pickart [2008] suggest that mixing within the
canyon would alter the watermass stratification; therefore these changes in bathymetry
would promote vertical mixing within the current. In addition, there is strong vertical
mixing associated with the East Greenland Spill Jet south of Denmark Strait [Pickart
et al., 2005]. At Cape Farewell, the southernmost tip of Greenland, approximately one
third of the EGC/EGCC retroflects into the central Irminger Basin [Holliday et al.,
2007]. Therefore, the EGC/EGCC forms a direct route for freshwater transport from
the Arctic into the North Atlantic subpolar gyre, and consequently into the general
ocean circulation of the North Atlantic [Holliday et al., 2007].
The Arctic climate system has undergone major changes since the 1950s as a result of
increasing global surface air temperatures [e.g., Brohan et al., 2006]. Specifically, the
Arctic sea surface temperatures have increased [Comiso, 2003] causing an intensification
of the Arctic hydrological cycle [Solomon et al., 2007]. These have been accompanied
by net Greenland ice ablation, associated with increased summer surface ice melt and
glacier acceleration [Krabill et al., 2000; Rignot and Thomas, 2002; Rignot and Kana-
garatnam, 2006; Velicogna, 2009], a reduction in sea ice extent and thickness [Comiso
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et al., 2008; Kwok et al., 2009; Kwok and Rothrock, 2009], and Arctic permafrost thaw-
ing [Osterkamp and Romanovsky, 1999; Osterkamp, 2005].
The Arctic Ocean receives 11 % of the global river input through the discharge of major
Eurasian and North American rivers [Shiklomanov et al., 2000]. The Eurasian river
discharge into the Arctic Ocean has been increasing by ∼ 2 km3yr−1yr−1 since the
1930s [Peterson et al., 2002; Wu et al., 2005], and between 1964 and 2000 this rate
of increase was observed to have more than doubled to 5.6 km3yr−1yr−1 [McClelland
et al., 2006]. This large increase in Eurasian river discharge was only slightly offset by a
decrease in the North American river discharge into the Arctic between 1946 and 2000
of −0.4 km3yr−1yr−1 [McClelland et al., 2006; De´ry and Wood, 2005]. In addition to
this increase in net Arctic river discharge, New et al. [2001] reported that precipitation
between 60 and 80 ◦N increased by an average of 0.8 % per decade, between 1900 and
1998.
Arctic sea ice comprises perennial and seasonal ice. The perennial ice forms the perma-
nent sea ice cover that persists throughout the summer months and, therefore, consists
of relatively thick multi-year ice. Conversely, the seasonal sea ice is thinner and melts
back every summer. The Arctic perennial sea ice extent has been in decline from at least
1979 when satellite records began [e.g., Kwok et al., 2009]. Comiso [2002] and Stroeve
et al. [2007] report a perennial sea ice extent decline of around 8 – 10 % per decade.
However, more recently, the reduction in both sea ice thickness and extent has intensi-
fied [Comiso et al., 2008; Kwok et al., 2009; Kwok and Rothrock, 2009]. In September
2007 the sea ice cover reached a new extreme minimum such that Canada’s Northwest
Passage became open to commercial shipping for the first time since observations began
30 years ago [Comiso et al., 2008; Kwok et al., 2009].
The Greenland continental ice sheet is the main source of glacial meltwater to the Arctic
Basin and the East Greenland current system. Studies have shown that the Greenland
ice sheet has experienced considerable net mass loss since the 1990s [Krabill et al., 2000;
Rignot and Thomas, 2002; Rignot and Kanagaratnam, 2006; van den Broeke et al.,
2009; Velicogna, 2009]. The southeastern glaciers are dominated by a negative mass
balance that amounts to −17 ± 4 km3yr−1 [Rignot et al., 2004]. Specifically, the largest
East Greenland glaciers, Helheim and Kangerdlugssuaq, were observed to accelerate
and retreat abruptly between 2002 and 2005; in 2004 their combined mass loss had
doubled [Luckman et al., 2006; Howat et al., 2007]. These rates of ice loss returned
to near-previous values in 2006 following re-equilibration of the glacier calving fronts
[Howat et al., 2007]. Howat et al. [2008] concluded that, in part, the rising surface air
temperatures and sea surface temperatures drove these episodes of glacial acceleration
and retreat and, therefore, they may occur more frequently in a warming climate.
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The result of these processes has been a freshening of the Arctic Ocean surface water
in the Canadian and Makarov basins [Peterson et al., 2006; Yamamoto-Kawai et al.,
2009; McPhee et al., 2009]. As these freshened surface waters are exported into the
northern North Atlantic, deep water formation in this region may be interrupted and
therefore, there may be significant implications for the global thermohaline circulation
[e.g., Stouffer et al., 2006]. In this changing climate, it is therefore important to carefully
monitor the Arctic freshwater export into the northern North Atlantic.
Here, we present three new salinity and oxygen isotope datasets from water samples
collected in the East Greenland region in August – September 2004, 2005 and 2008. We
compare these data with historical oxygen isotope studies in this region and, using the
new salinity and oxygen isotope ratio data, we characterize the volume and origins of
the freshwater endmember components within the EGC and EGCC.
3.2 Oxygen Isotopes
The freshwater concentration of the EGC and EGCC can be quantified using the salinity
anomaly of the EGC/EGCC water relative to a suitable reference salinity [e.g., Wilkinson
and Bacon, 2005]. However, salinity alone cannot distinguish between the different
potential origins of the freshwater admixture. This distinction is possible using the
stable oxygen isotope ratio (18O/16O) of the EGC/EGCC waters. The ratio of 18O to
16O is expressed as a per mil (h) deviation from the international Vienna Standard
Mean Ocean Water (VSMOW) standard, using the conventional delta-notation:
δ18O =

(
18O
16O
)
sample(
18O
16O
)
V SMOW
− 1
× 1000. (3.1)
The δ18O values of the various watermasses carried in the EGC/EGCC are summarized
in Table 3.1 [Bauch et al., 1995; Meredith et al., 2001; Reeh et al., 2002].
The δ18O of the freshwater intercept on a S:δ18O plot indicates the mass-balanced δ18O
of the net freshwater component within the studied watermass. Several studies have re-
ported sea surface water δ18O values in the East Greenland and northern North Atlantic
region (Table 3.2, Figure 3.1). These data were retrieved from the Goddard Institute
of Space Studies (GISS) Global Seawater Oxygen-18 Database [Schmidt et al., 1999], in
which the δ18O values have been adjusted using the deep water data from the GEOSECS
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Table 3.1: East Greenland watermass salinity and δ18O endmember values from
Bauch et al. [1995] and Reeh et al. [2002].
Watermass Salinity δ18O (h)
Arctic meteoric water 0 −21
Sea ice meltwater 3 Surface + 2.1
AW 34.92 0.3
dataset [O¨stlund et al., 1987] to allow comparisons between data analyzed using differ-
ent standards, techniques and mass spectrometers. We acknowledge the existence of
data sampled from the EGC/EGCC in 2004 [Sutherland et al., 2009]. However, we do
not include these data as they only sample the top 50 m of the water column and are
therefore not comparable in character to the data we present here. This is because the
mixing relationship in the upper 50 m is more sensitive to local ice melt on the East
Greenland Shelf which may mask the Arctic/upstream freshwater signal contained in
the upper 500 m of the water column.
The S:δ18O mixing lines from each of the historic studies are also shown in Figure 3.1.
Three Fram Strait transects (Figure 3.1 (a) – (c)) and two from Denmark Strait (Figure
3.1 (d) – (e)) display a complex mixing line consisting of two distinct layers [O¨stlund and
Hut, 1984; Schmidt et al., 1999; Winters, 1999; Meredith et al., 2001; Dodd, 2007; Dodd
et al., 2009]. Note that some of the VEINS Denmark Strait data retrieved from the
GISS δ18O database have not been previously published. As the EGC flows southward
out of the Arctic via Fram Strait, the surface water (upper 50 m) remains distinct
from the layer below (50 – 500 m). Within the EGC in the Nordic Seas, north of
Denmark Strait, turbulent mixing is weak with diapycnal diffusivities κ ∼ 10−5 m2s−1
[Naveira-Garabato et al., 2004]. Therefore, we infer that upper-ocean mixing is mainly
wind driven, and confined to around 50 m depth in the water column, the approximate
depth of the Ekman layer. The lower layer (50-500 m) in the water column defines a
mixing line between Atlantic Water (AW) and an Arctic meteoric freshwater endmember.
This mixing line has been modified by sea ice formation in the Arctic surface waters,
driving the mixing line to the right in S:δ18O space, which results in an apparently light
freshwater endmember that is coincidentally similar to Greenland glacial ice δ18O values.
The upper layer defines a mixing line between the shallowest/lowest salinity water of the
lower layer, and a freshwater endmember comprising a mixture of Arctic meteoric water,
local sea ice melt and Greenland glacial ice meltwater. This layer is likely maintained
by the local meltwater addition and therefore, the slope of this mixing line will vary
seasonally according to the ice melt.
Chapter 3 East Greenland Current System 39
<50 m
>50 m
Longitude (degrees)
La
titu
de
 (d
eg
re
es
)
-80˚ -60˚ -40˚
0˚
20˚
20˚
40˚
60˚
80˚
-100˚
60˚
80˚
40˚
60˚
-100˚ -80˚ -60˚ -40˚
0˚
20˚
40˚
-20˚ 0˚ -340˚
-20˚ 0˚ -340˚
δ18O = 0.50S - 18.74   r2 = 0.81
δ18O = 1.13S - 39.22   
r2 = 0.93
δ18O = 0.56S - 19.93   r2 = 0.82 
δ18O = 1.20S - 41.64   r2 = 0.82
(a) Östlund & Hut [1984] (b) Meredith et al. [2001] sampled ‘97
δ18O = 0.09S - 5.34   r2 = 0.39
δ18O = 1.10S - 38.1   r2 = 0.98
(c) Meredith et al. [2001] sampled ‘98
29 30 31 32 33 34 35 36
-4
-3
-2
-1
0
1
29 30 31 32 33 34 35 29 30 31 32 33 34 35
δ1
8 O
 (‰
)
SalinitySalinitySalinity
δ18O = 0.60S - 20.72   r2 = 0.94 
δ18O = 0.75S - 26.08
r2 = 0.96
Craig & Gordon [1965]
Frew et al. [2000]
δ18O = 0.61S - 21.29
r2 = 0.99 
δ18O = 0.62S - 21.53
r2 = 0.86
(f) Denmark Strait(g) North Atlantic
-12
-10
-8
-6
-4
-2
0
2
15 20 25 30 35 40
Salinity
δ1
8 O
 (‰
)
-4
-3
-2
-1
0
1
26 28 30 32 34 36
Salinity
δ1
8 O
 (‰
)
Azetsu-Scott & Tan [1997]
δ18O = 0.21S - 8.26   r2 = 0.77 
δ18O = 0.79S - 27.48   r2 = 0.93
(d) Winters [1999]; 
     Dodd [2007]; 
     Dodd et al. [2009] sampled ‘98
δ18O = 0.23S - 8.81   r2 = 0.64
δ18O = 0.86S - 29.72   r2 = 0.97
-4
-3
-2
-1
0
29 30 31 32 33 34 35 36
-4
-3
-2
-1
0
1
Salinity
δ1
8 O
 (‰
)
δ1
8 O
 (‰
)
Craig & Gordon [1965] sampled 1949/62
Frew et al. [2000] sampled 1991
Azetsu-Scott & Tan [1997] sampled 1993
Winters [1999]; Meredith et al. [2001]; 
Dodd [2007]; Dodd et al. [2009]
sampled 1997/8
Östlund & Hut [1984] sampled 1980
<50 m
>50 m
<50 m
>50 m
<50 m
>50 m
<50 m
>50 m
(e) Winters [1999]; 
     Dodd [2007]; 
     Dodd et al. [2009] sampled ‘98
Winters [1999]; Dodd [2007]; 
Dodd et al. [2009]
Figure 3.1: Map of the historic δ18O studies and their corresponding S:δ18O mixing
relationships. Plots (a) – (e) show the complex two layer mixing relationships and plots
(f) – (g) show the simple mixing relationships. Salinity and δ18O data were retrieved
from Schmidt et al. [1999].
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A third Denmark Strait dataset [Schmidt et al., 1999; Azetsu-Scott and Tan, 1997], and
datasets from the EGC/EGCC to the south of Denmark Strait and the northern North
Atlantic [Craig and Gordon, 1965; Schmidt et al., 1999; Winters, 1999; Frew et al., 2000;
Dodd, 2007; Dodd et al., 2009] show a simpler, one-layer mixing relationship (Figure 3.1
(f) – (g)). Therefore, there is a clear change in the character of the mixing lines between
waters to the north of Denmark Strait and those to the south of it. We suggest that this
reflects the stronger turbulence observed in the EGC/EGCC close to the topography,
in the Irminger Basin south of Denmark Strait (κ ∼ 10−3 m2s−1) [Lauderdale et al.,
2008]. Additionally, topography forced mixing likely occurs as the currents cross the
Kangerdlugssuaq Trough [Pickart et al., 2005; Sutherland and Pickart, 2008; Sutherland
and Cenedese, 2009]. As a result, the watermasses in the mixed layer penetrate below
the pycnocline and therefore, at least the upper 500 m of the water column appears less
stratified in Denmark Strait and further south, forming one distinct mixing line. The
proposed evolution of the EGC/EGCC from Fram Strait to Cape Farewell is summarized
conceptually in Figure 3.2.
Sea ice floating on well 
mixed (assumed) water 
column above halocline
Arctic meteoric water 
freshwater endmember
modified by sea ice 
formation.
Arctic Ocean
Nordic Seas:
weak turbulent 
mixing
Irminger Sea:
strong turbulent
mixing along
boundaries
Fram Strait to Denmark Strait
Wind-mixed layer (~50 m) 
Local meltwater 
freshwater source
Cape Farewell
Less stratified water
column.
Figure 3.2: Schematic of the evolution of the upper 500 of the water column in the
EGC/EGCC from Fram Strait to Cape Farewell.
The simple mixing lines recorded south of Denmark Strait consistently show a δ18O of
the net freshwater intercept (δ18ONFI) in the EGC and EGCC, and in the northern
North Atlantic, between −20.7 h and −26.1 h (Table 3.2, Figure 3.1).
3.3 Data and Methods
Our water samples were collected on three multidisciplinary oceanographic survey cruises
in the East Greenland region. These were the RRS James Clark Ross Autosub Under Ice
cruise JR106b to Kangerdlugssuaq Fjord and shelf region of East Greenland (Denmark
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Strait) in August – September 2004 [Dowdeswell, 2004], and the RRS Discovery cruises
D298 Bacon [2006] and D332 [Bacon, 2010] to the East Greenland shelf region at Cape
Farewell, South Greenland in August – September 2005 and 2008, respectively (Figure
3.3). In this study we focus on the surface water samples collected to a depth of 500 m
from the shoreward stations, which comprehensively sample both the EGC and EGCC.
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Figure 3.3: Map of sample locations for the 2004 JR106b dataset (crosses), the 2005
D298 dataset (closed circles) and the 2008 D332 dataset (open circles).
The δ18O analyses were performed on a GV Instruments Isoprime dual inlet mass spec-
trometer with Multiprep sample preparation system. Sample aliquots of 0.4 ml were
equilibrated with CO2 gas, and the isotopic difference between the equilibrated CO2 gas
and a reference gas was analyzed. The use of laboratory standards of known composi-
tion allows the expression of results in permil deviations from the international VSMOW
standard. All samples were analyzed in duplicate. External precision on the δ18O anal-
yses is better than 0.05 h (1σ). Salinity values for the samples were obtained from a
Seabird 911 plus CTD mounted on the rosette sampler, calibrated by on-board analysis
of discrete samples with a Guildline Autosal 8400B salinometer. External precision of
the salinity measurements is better than 0.002 (1σ). The data are listed in Table D.1.
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3.4 Results and Discussion
The S:δ18O mixing relationships defined by the new data are presented in Figure 3.4.
The JR106b (2004) and D332 (2008) S:δ18O mixing lines give a δ18ONFI of −23.9 ±
1.54 h (r2 = 0.98, N = 151) and −22.8 ± 1.48 h (r2 = 0.99, N = 114), respectively,
in keeping with the historical data. However, the D298 (2005) water data identify an
unusually heavy δ18ONFI , relative to the previous studies, with a value of −14.6 ±
1.44 h (r2 = 0.99, N = 199). The uncertainty estimates quoted here are the 1σ δ18O
measurement error combined with the 95 % confidence interval of the mixing lines.
The δ18ONFI values recorded in the EGC/EGCC and the northern North Atlantic
region since 1965 (Table 3.2) are plotted in Figure 3.5. The δ18ONFI appears to be
characterized by three main shifts in the EGC/EGCC region. The observed shifts in
the EGC and EGCC waters are indicative of changes in the freshwater budget of these
currents, originating either in the Arctic or en route from the Arctic Basin to Cape
Farewell. We infer that these shifts in the δ18ONFI were driven by a compositional
change in the low-salinity end of the mixing line, given that all the mixing lines intersect
at a point close to the high salinity AW endmember (see Table 3.1 and Figure 3.4).
Consequently, we focus on mechanisms of change in the low-salinity end of the mixing
line to explain the observed changes in the EGC/EGCC δ18ONFI .
The first shift we observe in the δ18ONFI , of ∼ 5 h towards a relatively light value,
occurs in the Kangerdlugssuaq Fjord region in Denmark Strait between 1993 and 1998.
The addition of extra Greenland glacial melt is a possible cause of this shift as it would
drive the freshwater endmember to lighter values since the meltwater has isotopic values
of −20 h to −40 h [Reeh et al., 2002]. Additionally, a reduction in sea ice melt,
locally or out of the Arctic, could cause the δ18ONFI shift to a lighter value. The δ
18O
fractionation during sea ice formation is relatively small, 2.6h [MacDonald et al., 1995],
and therefore the δ18O value of sea ice is similar to the Arctic surface water and melting
sea ice forms a low salinity watermass that is isotopically relatively heavy with respect
to the Arctic river runoff and continental ice (Table 3.1).
The second shift in the δ18ONFI indicates that between 2004 and 2005, the freshwater
fraction of the EGC/EGCC at Cape Farewell has undergone a seemingly unprecedented
change (+ ∼ 10 h) to an anomalously heavy value. It is unlikely that this change oc-
curred in the EGC/EGCC en route from Denmark Strait (the location of the 2004 data)
to Cape Farewell via Greenland glacial meltwater addition or net precipitation minus
evaporation. Freshwater from calving/melting Greenland glacier ice, δ18O of −20 h or
lighter [Reeh et al., 2002], is isotopically too light to have caused the positive shift in
δ18ONFI . Similarly, precipitation and runoff over the central to southern regions of East
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Figure 3.4: S:δ18O mixing relationships defined by the JR106b, D298 and D332 data
compared to the historic simple mixing relationships in the EGC/EGCC and northern
North Atlantic region. The 95 % confidence intervals are shown for the D298 dataset
and the upper and lower limit of the historic datasets.
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Figure 3.5: Plot showing the evolution of the δ18ONFI in the northern North At-
lantic and EGC/EGCC region with time against the annual mean temperature record
observed at Prins Christian Sund, South Greenland (60.0 ◦N, 43.2 ◦W). Temperature
data were retrieved from the GISS surface temperature analysis and the δ18ONFI error
bars denote 95 % confidence intervals for these values.
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Greenland are not isotopically heavy enough with δ18O values between −10 and −20 h
[Craig and Gordon, 1965; IAEA/WMO, 2006] and evaporation in this region is insignif-
icant in amount relative to Arctic river runoff and ice melt contributions. Therefore we
infer that the Denmark Strait data and the Cape Farewell data are comparable.
Arctic river runoff, δ18O of about −21 h [O¨stlund and Hut, 1984; Bauch et al., 1995,
2005], is isotopically too light to have caused the positive shift in δ18ONFI . Pacific water
addition into the Arctic via Bering Strait has salinity and δ18O values of 33 and −1.0
h respectively [Bauch et al., 1995] and therefore falls on the mixing line between AW
and Arctic meteoric water so an addition or lack of Pacific water in the EGC/EGCC
cannot have caused the observed 2005 EGC/EGCC δ18ONFI shift.
Sea ice meltwater provides a source of isotopically heavy freshwater to the EGC/EGCC
(Table 3.1). We therefore suggest that an increased admixture of sea ice meltwater
into the EGC/EGCC is the most viable mechanism for causing a shift in δ18ONFI of
the EGC/EGCC to a heavier value. In summer, all (or most) of the solid Arctic sea
ice export via Fram Strait is melted into the EGC/EGCC north of Denmark Strait.
Therefore, the extra sea ice meltwater addition to the EGC/EGCC is likely to have
occurred upstream of Denmark Strait [Comiso, 2002; Comiso et al., 2008]. This sea ice
melt signal in the EGC/EGCC coincides with the warmest year on record in Greenland
(2005: see Figure 3.5). The third δ18ONFI shift between 2005 and 2008, back to a
value consistent with the historic average, then indicates that the increase in sea ice
meltwater addition into the EGC/EGCC was a relatively short-term event rather than
a longer-term change in the sea ice meltwater export from the Arctic.
We calculate the fractions of meteoric water and sea ice meltwater along the three new
EGC/EGCC transects presented in this paper following the endmember mass balance
calculation method established by Bauch et al. [1995] and Reeh et al. [2002]:
fmw + fsi + faw = 1 (3.2)
fmwSmw + fsiSsi + fawSaw = S (3.3)
fmwδmw + fsiδsi + fawδaw = δ (3.4)
where letters f , S and δ stand for the fraction, salinity and δ18O respectively, with the
subscripts mw, si, and aw denoting meteoric water (runoff into the Arctic Basin as well
as Greenland runoff), sea ice meltwater and AW respectively. The salinity and δ18O
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values of the endmembers are detailed in Table 3.1) after those used by Bauch et al.
[1995] (also used by, for example, Meredith et al. [2001] and Dodd et al. [2009]). Here,
the Greenland glacial meltwater is included within the Arctic meteoric water, which is
not strictly valid as these watermasses have distinct δ18O values. However, to discern
Greenland glacial meltwater from Arctic meteoric water a third hydrographic tracer is
required. In the absence of this, the Bauch et al. [1995] endmember values are used to
maintain continuity and allow direct comparisons between the studies.
First, we use a meteoric δ18O (δmw) value of −21 h [Bauch et al., 1995]. Then we
consider the influence of a lighter value at −35 h, to simulate a mainly glacial origin
meteoric endmember. Therefore, we test the sensitivity of the calculation to variations
in Greenland glacier meltwater input to the EGC/EGCC. The calculated freshwater
concentration sections using a δmw value of −21 h are shown in Figure 3.6 (a) to
(f). The meteoric water distributions in the D298 and D332 sections at Cape Farewell
(Figure 3.6 (c) and (e)) are very similar to each other, with the highest meteoric water
concentrations at the surface and nearest the Greenland coast, reducing to zero around
50 km from the coast. In the 2004 JR106b section at Kangerdlugssuaq Fjord (Figure 3.6
(a)), the meteoric water reaches further along the shelf (250 km from Greenland Coast)
at the surface and the column inventories (vertical freshwater integration above 150 db)
indicate that the meteoric water thicknesses in this section are greater, by around 2 m,
than in the other two sections. The sea ice meltwater distributions are similar in the
2004 JR106b and 2008 D332 sections with near zero negative fractions across the whole
section (Figure 3.6 (b) and (f)), which indicate net sea ice formation in watermasses
upstream of these sections. The 2005 D298 section shows a large increase in sea ice melt
thickness in the surface 100 m within 40 km of the Greenland coast (Figure 3.6 (d)).
This confirms our suggestion that the unusually heavy δ18ONFI observed in 2005 was a
result of an increase in sea ice meltwater admixture to the EGC/EGCC. The positive
sea ice melt signal in the 2005 D298 section extends down to the full depth of the shelf
(150 m) near the coast, suggesting that this sea ice melt was an Arctic/upstream signal
rather than a local ice melt signal.
The freshwater concentration sections using the extreme light δmw value of −35 h
are shown in Figure 3.6 (g) to (l). These show that using an extreme light value for
the meteoric endmember does not influence the distribution of the freshwater, but the
relative concentrations have changed. The sea ice meltwater fraction is nearly doubled
and the meteoric water fraction is nearly halved. In each of the sections there is around
2 m less meteoric/glacial meltwater and around 2 m more sea ice meltwater than in the
sections calculated using a δmw of −21h. However, there is still around 2 m more sea ice
melt in the 2005 section relative to the other sections. Therefore, the differences between
using a δmw of −21 and −35 h in the mass balance calculations do not influence our
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Figure 3.6: Plots (a) to (f): Meteoric water (left) and sea ice meltwater (right)
concentration sections across the EGC/EGCC, calculated using a δmw value of −21h,
from the 2004 JR106b ((a) and (b)), 2005 D298 ((c) and (d)) and 2008 D332 ((e) and
(f)) datasets. Plots (g) to (l): As above, calculated using an extreme light δmw value of
−35 h. The white crosses denote sampling locations and the numbers above the plots
are the column inventories (in meters) above 150 db.
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conclusion that there was an increased sea ice melt water admixture to the EGC/EGCC
in 2005 relative to the other years sampled.
The sea ice meltwater column inventories in Fram Strait reported by Meredith et al.
[2001] and Rabe et al. [2009] range from around −5 to −8 m near the coast (note that
negative sea ice melt equates to net sea ice formation). Therefore, our near-zero column
inventories observed in the 2004 JR106b and 2008 D332 sections (Figure 3.6 (b) and
(f)) indicate that the melting of sea ice between Fram Strait and Denmark Strait inputs
a quantity of freshwater of ∼ 5 – 8 m during years of more “normal” sea ice meltwater
fraction, nearly balancing the observed deficit at Fram Strait. This is comparable to the
meteoric water column inventories (4 – 6 m; Figure 3.6 (a) and (e)), and demonstrates
that the freshwater endmember of the EGCC during “normal years” is composed of
roughly equal amounts of meteoric water and sea ice meltwater. This corroborates the
idea presented in Bacon et al. [2008], that the meltwater from the Fram Strait solid sea
ice export has a substantial role in the formation of the EGCC.
3.5 Fram Strait sea ice export
Using a simple mass balance calculation (see mass balance calculation section below),
we determine the additional sea ice meltwater flux within the EGC/EGCC necessary
to shift the δ18ONFI from the values seen in 2004 and 2008 to the unusually heavy
value observed in 2005. We calculate an extra sea ice admixture equal to ∼ 40 % of the
EGC/EGCC freshwater flux. This represents a mean flux of 99 ± 12 km3month−1 (see
mass balance calculation section below).
Spreen et al. [2009] reported winter monthly Fram Strait sea ice volume export (2003
– 2008) from satellite data. Their data do not show any significant long-term trend in
Fram Strait sea ice export, but the December 2004 and January 2005 export volumes are
exceptionally high relative to the rest of the data, and the December 2004 volume export
is nearly double the mean volume export for December 2003/2008 (Table 3.3). The high
sea ice export anomaly of about 100 km3month−1 in January 2005 [Spreen et al., 2009] is
of a similar magnitude to the additional sea ice admixture into the EGC/EGCC required
to shift the δ18ONFI from the 2004 and 2008 values to the anomalously heavy 2005 value
(see above). Therefore, allowing 6 – 7 months transit time from Fram Strait to Cape
Farewell, it appears that interannual large amplitude variability in Fram Strait sea ice
export has a distinct impact on the freshwater signal observed downstream at Cape
Farewell.
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Table 3.3: Fram Strait monthly sea ice export data from Spreen et al. [2009].
Year 2003 2004 2004 2005 2007 2008
Month Dec Jan Dec Jan Dec Jan
Fram Strait sea ice export (km3month−1) 225 221 420 326 214 234
The δ18ONFI in the EGC/EGCC and northern North Atlantic regions was previously
thought to be constant at ∼ −21 h. However, the EGC/EGCC δ18ONFI timeline
presented here reveals that the freshwater δ18O signal in this region varies on an inter-
annual timescale, which is related to short-term (interannual), high amplitude variations
in freshwater export from the Arctic through Fram Strait. The transfer of these vari-
ations in the Fram Strait freshwater export downstream to Cape Farewell means that
these freshwater signals can potentially reach areas of deep water formation.
3.6 Conclusions
The δ18ONFI is a useful indicator of the freshwater composition of watermasses. Com-
parison of freshwater column inventories defined by our data at Denmark Strait and
Cape Farewell with those from Fram Strait [Meredith et al., 2001] has highlighted the
important role of sea ice meltwater in the formation of the EGCC. Additionally, we have
found that the δ18ONFI of the EGC/EGCC region and the northern North Atlantic is
not constant through the ∼ 60-year oxygen isotope record. Three key shifts have oc-
curred in the δ18ONFI in this region. We ascribe the first, of ∼ −5h at Kangerdlugssuaq
Fjord between 1993 and 1998, to either an increased Greenland glacial meltwater ad-
mixture into the EGC/EGCC [Luckman et al., 2006; Howat et al., 2007] or a lack of sea
ice melt addition to the currents. We speculate that the second δ18ONFI shift, to an ∼
10 h heavier value between 2004 and 2005, at Cape Farewell, reflects an extra admix-
ture of sea ice meltwater into the EGC/EGCC, equal to ∼ 40 % of the total freshwater
flux, in 2005 relative to the other years sampled. It appears that this large, short-term
increase in the sea ice meltwater addition is directly related to a peak in sea ice ex-
port via Fram Strait in December 2004 and January 2005 [Spreen et al., 2009]. This
reveals that the EGC/EGCC δ18ONFI is sensitive to short-term (interannual), high am-
plitude variations in freshwater export from the Arctic through Fram Strait. The third
EGC/EGCC δ18ONFI shift in the period 2005 – 2008, back to a value consistent with
historic values, highlights the interannual nature of variability in the northern North
Atlantic freshwater δ18O signal, which was previously thought to be constant at ∼ −21
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h. Increases in freshwater flux into the northern North Atlantic may have ramifications
for the global thermohaline circulation and it is therefore important to link short and
long-term variations in the freshwater flux through Fram Strait (both solid and liquid)
to the downstream freshwater flux at Cape Farewell, where part of the current retroflects
directly into the North Atlantic subpolar gyre [Holliday et al., 2007].
3.7 Mass balance calculation
Here we use a simple mass balance calculation to determine the additional sea ice admix-
ture to the EGC/EGCC required to shift the δ18ONFI to the anomalously heavy value
observed in August – September 2005, using the D298 δ18ONFI of −14.60 h relative to
the JR106b (2004) and D332 (2008) δ18ONFI of −23.93 and −22.76 h.
Arctic multi-year sea ice on average comprises 96 % by volume of sea ice, and 4 % by
volume of snow, calculated using Equations 3.5 and 3.6:
%ice =
xsizsi
ρsi
ρsw
xsizsi
ρsi
ρsw
+ xsizsnow
ρsnow
ρsw
(3.5)
%snow =
xsizsnow
ρsnow
ρsw
xsizsi
ρsi
ρsw
+ xsizsnow
ρsnow
ρsw
(3.6)
where %ice and %snow are the percentages of ice and snow comprising sea ice. The other
parameters are summarized in Table 3.4.
Multi-year sea ice has a salinity of around 4 [O¨stlund and Hut, 1984]. The fractionation
of δ18O during sea ice formation is 2.6h [MacDonald et al., 1995], and the δ18O of Arctic
surface seawater is around −3.3 to −1.3 h [Yamamoto-Kawai et al., 2005]. Therefore,
the δ18O of sea ice ranges from −0.8 to 1.4 h, and we use a mean value of 0.3 h in
accordance with Yamamoto-Kawai et al. [2005].
The salinity and δ18O of the snow covering multi-year sea ice are typically 0 and −18h,
respectively [Yamamoto-Kawai et al., 2005]. Using these values for salinity and δ18O of
multi-year sea ice and its snow load in combination with the above percentages of snow
and sea ice constituting multi-year sea ice, the mass-balanced salinity and δ18O effect of
the freshwater flux from multi-year sea ice melt (with snow) can be determined as 3.84
and −0.42 h, respectively.
Using the salinity and δ18O effect of sea ice and the δ18ONFI values of the JR106b
(2004) and D332 (2008) datasets compared to the δ18ONFI of the D298 (2005) dataset,
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we calculate the percentage of sea ice meltwater entering the EGC/EGCC at Fram Strait
necessary to cause the 2005 δ18ONFI shift relative to the 2004 and 2008 δ
18ONFI . Using
a simple mass balance between the δ18ONFI values the contribution of extra sea ice melt
is 37 – 44 % of the EGC/EGCC freshwater flux.
Next, we determine the flux of this extra sea ice melt admixture using
Fsi = %si × Ffw (3.7)
here, Fsi is the flux of extra sea ice within the EGC/EGCC necessary to cause the rela-
tively heavy δ18ONFI in the 2005 D298 samples. This yields values of 102.5 ± 11.87 and
94.7 ± 11.87 km3month−1 relative to the JR106b 2004 and D332 2008 δ18ONFI values
respectively. The parameters and their uncertainly estimates used in this calculation
are summarized in Table 3.4.
Chapter 4
Labrador Sea Current System
Abstract
The West Greenland Current and the Labrador Current are the western extension of
the East Greenland Current system. Therefore, freshwater concentration variations in
the East Greenland Current system are likely transferred into these currents and so it
is important to observe the evolution of their freshwater signature as they flow around
the Labrador Sea. Here, I use salinity and oxygen isotope data from the West Greenland
Current and the Labrador Current to determine the sources and relative proportions
of freshwater carried within these currents. Comparison of the West Greenland Cur-
rent data with that of the East Greenland Current system reveals that a fraction of the
freshwater carried within these currents may be lost into north Atlantic subpolar gyre
(specifically, ∼ 16 in 2005 and ∼ 13 in 2008). Oxygen isotope data in the Labrador
Current indicate an inner branch comprising a watermass with a high latitude meteoric
freshwater source and with significant alteration from local and upstream sea ice forma-
tion and melt processes. Further offshore the freshwater oxygen isotope signal appears
to reflect that of the West Greenland Current. Therefore, the West Greenland Current
forms one of the main freshwater sources to the Labrador Current, transporting Arctic
freshwater, exported via Fram Strait, southwards into the general circulation of the North
Atlantic. Additionally, the West Greenland Current can transport a significant amount
of freshwater to the Labrador Sea, a region of deep water formation. These new data,
therefore, highlight the pathways in which variations in Fram Strait freshwater export
have the potential to vastly affect global ocean circulation.
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4.1 Introduction
The surface water circulation to the west of Greenland, in Baffin Bay and the Labrador
Sea, forms a roughly cyclonic pattern around the Labrador Sea, with the West Green-
land Current (WGC) flowing north along the West Greenland Shelf and shelf break
and the Labrador Current (LC) flowing south along the Labrador coast [Chapman and
Beardsley, 1989]. The cyclonic circulation appears to be closed to the south by the
northernmost extension of the North Atlantic Current (NAC), however, this current
does not directly enter the Labrador Sea (Figure 4.1) [Lazier and Wright, 1993]. The
WGC is the western continuation of the East Greenland Current (EGC) as it rounds
the southern tip of Greenland at Cape Farewell. It, therefore, follows that the WGC has
the same freshwater sources and watermass characteristics as the EGC as detailed in
Chapter 3. Hydrographic measurements show that at Cape Farewell the East Greenland
Coastal Current (EGCC) merges back into the EGC and therefore the WGC forms the
main freshwater conduit flowing northwards along the shelf break up the western side
of Greenland with mean speeds of 30 and 35 cms−1 [Cuny et al., 2002]. The WGC bi-
furcates along its path, at Davis Strait, where part of the current follows the Greenland
coast into Baffin Bay and the remainder (thought to be the majority of the current)
flows southwestwards to join the southward flowing Baffin Island Current (BIC) and LC
[Cuny et al., 2002]. Schmidt and Send [2007] estimate that approximately 30 % of the
WGC waters are transferred into the central Labrador Sea; the remainder is transported
into the LC.
The LC flows southeastwards over the Labrador and Newfoundland continental shelves
and slopes [Lazier and Wright, 1993]. This current is the continuation of the BIC,
transporting cold, θ = −1.5 ◦C, and relatively low salinity, S ≤ 34, waters from Baffin
Bay, and the WGC, carrying warmer, θ = −1.8 ◦C, more saline, S ≤ 34.5, waters [Cuny
et al., 2002]. The LC is considerably fresher than the WGC [Mertz et al., 1993]. The
main branch of the LC is a 50 km wide jet concentrated over the shelf break and the
upper slope. There is also a small, inner branch located over the inner shelf that carries
∼ 15 % of the total transport of 3.8 ± 0.9 Sv [Lazier and Wright, 1993]. A strong
front exists between the cold Baffin Bay waters over the shelf and the warmer, more
saline waters of the open ocean. Lazier and Wright [1993] suggest that the similarities
between watermasses in the BIC and the LC indicate that Baffin Bay is the primary
source of freshwater to the LC, while Hudson Strait presents only a minor freshwater
addition to the LC. However, Mertz et al. [1993] suggest that Hudson Bay represents
a potentially significant freshwater source to the LC. Dickson et al. [2007] estimate a
net freshwater transport out of Hudson Strait of 42 mSv, indicating that it is the third
largest freshwater contributor to the northern North Atlantic behind Fram and Davis
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Figure 4.1: Schematic representation of the major ocean circulation features in the
northeastern North Atlantic adapted from Chapman and Beardsley [1989] and Khati-
wala et al. [1999]. The blue arrows denote relatively cold and fresh currents the red
arrows, relatively warm and saline currents. Volume transport, and freshwater trans-
port in brackets, estimates across key sections in Sv (and mSv) are indicated in red,
from Loder et al. [1998]
Straits (160 and 72 – 139 mSV, respectively). More recently, Straneo and Saucier [2008]
estimate a volume and net freshwater transport out of Hudson Strait of 1 – 1.2 Sv and
78 – 88 mSv, respectively. This estimate does not include sea ice transport, which the
authors estimate to contribute around another 6 mSv. According to these measurements,
Hudson Strait outflow therefore contributes around 15 % of the volume and 50 % of the
freshwater carried in the LC [Straneo and Saucier, 2008]. The EGC/WGC, Hudson
Strait, Baffin Bay and sea ice meltwater are therefore the main freshwater contributors
to the LC, with respective freshwater transports of 0.02 to 0.10 Sv [Mertz et al., 1993;
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Loder et al., 1998]. Thus, the Arctic Ocean is the dominant source of freshwater to the
Labrador Shelf region via Fram Strait or the Canadian Archipelago. Mertz et al. [1993]
calculate the freshwater transport of the LC as 0.17 Sv, with 0.13 Sv in the offshore
branch and 0.04 Sv in the inner branch. This total freshwater transport is comparable
to the southward freshwater transport for the northern North Atlantic Ocean, at 60 ◦N,
of 0.19 Sv [Stommel, 1980]. The LC, therefore, represents a significant contributor to
this southward freshwater transport.
The formation of Labrador Sea Water in the central Labrador Sea is an important part of
the global thermohaline circulation [Cuny et al., 2002]. Using temperature and salinity
data from moorings in the central Labrador Sea, Schmidt and Send [2007] have found
that the WGC is the main contributor of freshwater to the Labrador Sea (60 – 80 %).
They therefore conclude that freshwater additions into the Labrador Sea are dominated
by the WGC freshwater rather than by freshwater passing through the Baffin Bay area
and local freshwater sources. This implies a connection between the Labrador Sea surface
salinity and the Arctic freshwater export via Fram Strait. Therefore, fluctuations in the
Fram Strait Arctic freshwater export (both liquid and solid) are transferred into the
central Labrador Sea and may potentially impact deep water formation in this region.
In this chapter, I present new salinity and oxygen isotope data of water samples collected
from the WGC and the LC on the RRS Discovery cruises D298 (2005) [Bacon, 2006]
and D332 (2008) [Bacon, 2010], see Figure 4.2.
4.2 West Greenland Current
4.2.1 Oxygen Isotope Studies in the West Greenland Current
Given that the WGC is the western extension of the EGC, it is assumed that the salinity
and δ18O endmember values of the freshwater sources are the same as those detailed in
Table 3.1.
There have been two previous oxygen isotope studies in the WGC. Tan and Strain [1980]
present salinity and oxygen isotope data of water samples collected from the WGC at
Davis Strait in September 1977 and Khatiwala et al. [1999] present data collected on the
West Greenland Shelf in June 1995 (Figure 4.2). They report δ18ONFI values of −18.58
± 1.36 h and −16.40 ± 0.86 h respectively (see Figure 4.3 and Table 4.1). Note that
only data collected from the upper 500 m of the water column are considered here. Tan
and Strain [1980] also present data collected from the WGC in 1977 at 74 ◦N. However,
these data appear to have been influenced by local sea ice processes as there is a surface
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Figure 4.2: Map of the water sampling stations in the WGC, LC and Labrador Sea
from the D298 and D332 cruises and the historical studies in this region.
layer that defines a near flat mixing relationship and a deeper layer with a δ18ONFI of
−31.78 h. Therefore these specific data are not considered here.
Our new oxygen isotope data from this region (Table D.2) define mixing lines, in the
upper 500 m of the water column, with δ18ONFI values of −15.39 ± 0.24 h in 2005 (r2
= 0.99, N = 111) and −21.79 ± 0.45 h in 2008 (r2 = 0.99, N = 129) (Figure 4.3, Table
4.1). Both the anomalously heavy δ18ONFI value found in the EGC in 2005 (−14.60
h in the EGC c.f. −15.39 h in the WGC) and the more conventional northern North
Atlantic value found in 2008 (−22.76 h in the EGC c.f. −21.79 h in the WGC)(see
Chapter 3) have been transferred around the southern tip of Greenland into the WGC.
It is expected that the δ18ONFI found in the EGC at Cape Farewell would be unchanged
in the WGC as there are no significant freshwater inputs into the WGC between Cape
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Figure 4.3: S:δ18O mixing relationships in the upper 500 m of the water column,
defined by the D298 and D332 data compared to the historic simple mixing relationships
in the WGC.
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Farewell and Fyllas Bank (Figure 4.1), apart from the EGC [Reeh, 1985]. Runoff and
glacial ice discharge in southern Greenland is around 2 – 4 mSv [Reeh, 1985]. Therefore
the δ18ONFI likely reflects the freshwater exiting the Arctic at Fram Strait.
Table 4.1: WGC S:δ18O relationship parameters in the upper 500 m.
Month Year Slope δ18ONFI (h) N r2 Reference
8 – 9 1977 0.54 −18.58 19 0.94 Tan and Strain [1980]
6 1995 0.48 −16.40 43 0.97 Khatiwala et al. [1999]
8 – 9 2005 0.45 −15.39 111 0.99 This Study
8 – 9 2008 0.63 −21.79 129 0.99 This Study
The June 1995 WGC δ18ONFI presented by Khatiwala et al. [1999] is heavy relative to
the “northern North Atlantic norm” of around −21 h. The mixing lines in Figure 4.3
indicate that this heavy δ18ONFI originated from the low salinity end of the mixing line
because they converge at the high salinity end, at salinity and δ18O values that coincide
with those of North Atlantic seawater (see Table 3.1). Therefore, this signal appears to
represent either a change in the Arctic freshwater export via Fram Strait or a change in
the freshwater balance in the EGC/EGCC or WGC, en route from Fram Strait, relative
to the “northern North Atlantic norm”.
Following the same arguments as detailed in Chapter 3.4, this signal could indicate a
decrease in Greenland glacial meltwater admixture or an increased admixture of sea ice
meltwater, or both, to the WGC and therefore, the EGC/EGCC in 1995. The former
may be expected as these data were collected in June, prior to the height of the melt
season; therefore, seasonal Greenland glacial meltwater admixture would be lower in
these WGC samples relative those collected at the end of the melt season. However, sea
ice export data reported by Vinje et al. [1998] and Kwok et al. [2004], shown in a longer-
term context by Spreen et al. [2009], show that there was a peak in the winter 1994 – 1995
Fram Strait ice export corresponding to the prevailing strongly positive North Atlantic
Oscillation (NAO) and Arctic Oscillation (AO) indices [Vinje, 2001; Kwok, 2004], see
Table 4.2 compared with Table 3.3. Allowing 7 months transit time from Fram Strait to
south west Greenland, I compare the November 1994 Fram Strait sea ice flux (using the
mean of the sea ice volume flux estimates of Vinje et al. [1998] and Kwok et al. [2004])
to that in January 2008 (the Fram Strait sea ice export associated with the August –
September 2008 sea ice fraction in the WGC) and find a 115 km3month−1 extra Fram
Strait sea ice flux in 1994 relative to 2008. Considering these data, it is more probable
therefore that the heavier freshwater signal in the WGC in June 1995 is a result of an
increase in sea ice meltwater admixture to these currents.
Chapter 4. Labrador Sea Current System 61
Table 4.2: Fram Strait monthly sea ice volume export data from Vinje et al. [1998]
and Kwok et al. [2004]. Vinje et al. [1998] quote a maximum uncertainty in these values
of 20 %.
Year 1994 1994 1995 1995 1995
Month Nov Dec Jan Feb Mar
Vinje et al. [1998] Fram Strait sea ice export 414 606 474 589 700
Kwok et al. [2004] Fram Strait sea ice export 289 509 379 347 482
Mean Fram Strait sea ice export 352 558 427 468 591
(km3month−1)
Using the same mass balance calculation detailed in Chapter 3.5 and using the parameter
values in Table 3.4, I calculate that an extra 27 % sea ice admixture into the WGC is
required to shift the δ18ONFI from the more conventional value recorded in the 2008
data to the heavy value recorded in 1995. This equates to an extra 66 ± 12 km3month−1
of sea ice flux (solid or meltwater) via Fram Strait. The 2008 δ18ONFI is assumed to be
a conventional value as it is consistent with the historic average for the northern North
Atlantic based on the EGC/EGCC analysis in Chapter 3. This is around half the extra
Fram Strait sea ice export recorded in November 1994. Therefore, these data imply that
a fraction of the sea ice meltwater is lost from the EGC-WGC system en route from
Fram Strait to the south west Greenland. The extra sea ice melt could have entered the
Nordic Seas via the East Icelandic Current (EIC) or the Jan Mayen Current (JMC) or
alternatively it could have entered the North Atlantic subpolar gyre via the retroflection
of part of the EGC at Cape Farewell [Holliday et al., 2007].
The 1977 δ18O data from the WGC [Tan and Strain, 1980] define a δ18ONFI that
is slightly heavier than expected (Figure 4.3). However this δ18ONFI value is only
marginally outside the range of the historical conventional δ18ONFI presented here and
in Chapter 3. In the absence of Arctic sea ice data in this year I suggest that this slightly
heavier δ18ONFI could be the result of increased sea ice admixture to the currents
or a lesser Greenland glacial influence. The latter explanation is more plausible as
these samples were collected further offshore and therefore, further from the source of
Greenland glacial meltwater, than the Khatiwala et al. [1999], D298 and D332 water
samples (Figure 4.2).
4.2.2 Freshwater concentration in the West Greenland Current
Using the same mass balance calculations as detailed in Chapter 3.4 and the salinity and
δ18O endmember values in Table 3.1, I calculate the freshwater concentration transects
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with column inventories above 100 db of the WGC sections sampled in 2005 and 2008
(Figures 4.4 and 4.5). This depth was chosen because it is the depth of the West
Greenland Shelf at this location.
From these transects it can be seen that the 2005 meteoric water distribution is similar
in the EGC and WGC sections, with around 0.8 m less meteoric water at the Greenland
coast in the WGC. Also, it is clear that the sea ice meltwater pulse seen in the 2005
EGC section (Figure 3.6) has been transferred around the southern tip of Greenland to
the WGC. The pattern and distribution of this extra sea ice meltwater is very similar in
both the EGC and WGC. The column inventory values show a slight decrease in the sea
ice meltwater at the coast (around 0.2 m) between the EGC and WGC. Overall, there
is ∼ 16 less total freshwater concentration at the Greenland coast in the WGC compared
to the EGC (Figure 4.5).
The 2008 freshwater transects from the EGC (Figure 3.6) and WGC (Figure 4.4) show
that the meteoric freshwater in the WGC spreads further offshore in the surface water
than in the EGC (to about 100 km offshore compared with less than 50 km offshore in
the EGC). The sea ice meltwater distribution in the WGC, however, is very similar to
the EGC. The column inventory values in Figure 4.4 indicate that there are 2 m less
meteoric water and about 1.5 m less sea ice meltwater (values of sea ice meltwater here
are negative and represent sea ice formation and therefore, brine) at the coast in the
WGC compared to the EGC. This is also shown in Figure 4.5, which indicates that there
is ∼ 13 less total freshwater in the WGC.
The reduction in freshwater water content in the WGC relative to the EGC at the
Greenland coast in both 2005 and 2008 may be apparent as a result of the freshwater
spreading further over the shelf in the WGC relative to the EGC, or there may be more
Atlantic Water (AW) mixed into the surface waters of the WGC. However, this reduc-
tion also suggests the possibility that part of the EGC has entered the northern North
Atlantic via the EGC retroflection reported by Holliday et al. [2007]. This highlights
the connection between Fram Strait freshwater export and the northern North Atlantic,
with variations in the EGC/EGCC freshwater balance being transferred into the gen-
eral circulation of the northern North Atlantic with the potential to disturb deep water
formation in this region.
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Figure 4.5: Meteoric, sea ice meltwater and net freshwater column inventories (in
meters) above 145 db across the EGC and above 100 db across the WGC from the
D298 and D332 datasets. These values are comparable despite the column inventory
calculations over slightly different depths as these are the depths of the Greenland shelf
at the locations of the transects and have been chosen for that reason.
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4.3 Labrador Current
4.3.1 Historic oxygen isotope studies in the Labrador Current
The main watermass sources for the LC on the Labrador shelf are: Arctic Ocean surface
water via the EGC/WGC and the Canadian Archipelago, Hudson Bay water via Hudson
Strait and Baffin Bay water outflow through Davis Strait. There have been several oxy-
gen isotope studies in the Labrador Sea and along the northeast coast of North America.
Fairbanks [1982] and Khatiwala et al. [1999] determined the watermass composition of
the LC using oxygen isotope data from the Mid Atlantic Bight, the Gulf of Maine, the
Scotian Shelf and the Labrador Shelf. Fairbanks [1982] identified five water types that
were important to the New York Bight region: slope water, located at the top of the
continental slope, with a freshwater dilutant δ18O value of −21.67 h; Scotian Shelf
water (δ18ONFI = −15.55 h); Gulf of Maine surface and intermediate water (δ18ONFI
= −14.66 h); a cold pool that underlies the surface water on the shelf; and New York
Bight surface water (δ18ONFI = −9.14 h). The slope water here is the extension of
the LC and the isotopically light δ18ONFI indicates a high latitude/Arctic origin for the
freshwater component here [Fairbanks, 1982].
The watermass endmember salinity and δ18O values important to the Labrador, New-
foundland and Scotian Shelf regions are presented in Table 4.3 [Khatiwala et al., 1999].
Here, Labrador Shelf Water (LShW) represents the inner branch of the LC. Labrador
Slope Water (LSW) represents the main LC branch, it is the most saline water on the
Labrador Shelf and occurs at 400 – 500 m depth. Figure 4.6 shows a S:δ18O plot of
the water samples from the Labrador Shelf of Khatiwala et al. [1999]. These data de-
fine two distinct mixing lines, the deeper water samples (> 20 m) give a mixing line
between the LSW at the high salinity end and the LShW at the low salinity end. The
δ18ONFI of this mixing relationship is −29.92 h. This does not indicate a very light
freshwater component within this watermass but rather, Khatiwala et al. [1999] suggest
that this is the effect of sea ice formation and brine rejection into the LShW, locally
and upstream. They conclude that 2 – 3 m of freshwater was extracted from the water
column to form sea ice. The shallow water samples (< 20 m) denote a near horizontal
mixing relationship that is the result of sea ice meltwater within these surface waters.
This sea ice formation and melt influence is consistent with observations that Baffin Bay
sea ice comprises mostly of the first-year ice [Wadhams et al., 1985], suggesting complete
seasonal sea ice meltback and formation in this region.
The water samples seaward of the shelf break define a mixing relationship between LSW
and a δ18ONFI of −14.84 h suggesting that these waters have been influenced by sea
ice meltwater addition. This relatively heavy δ18ONFI reflects the mixing line defined
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Figure 4.6: S:δ18O mixing relationships of the LC watermasses on the Labrador Shelf
[Khatiwala et al., 1999] and in Davis Strait [Tan and Strain, 1980].
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Table 4.3: Labrador Shelf watermass salinity and δ18O endmember values from Khati-
wala et al. [1999].
Watermass Salinity δ18O (h)
Arctic meteoric water 0 −21
Labrador Shelf Water 32.78 −1.53
Baffin Bay sea ice meltwater 3 0.52
Labrador Slope Water 34.804 0.22
by the WGC in the same study and therefore suggests that, seaward of the shelf break,
the main freshwater contributor to the LC is the WGC, as proposed by Cuny et al.
[2002]. This is the most likely origin for freshwater water in the offshore LC because the
other source of freshwater to this area is Baffin Bay to the north, which would cause the
mixing line here to reflect that of the inshore part of the LC. Additionally, it is unlikely
that other sources of freshwater, for example, Hudson Bay would cross main current.
Oxygen isotope data from the LC upstream from these studies give an indication of the
δ18ONFI of the watermasses flowing into this region. δ
18O data from Hudson Strait [Tan
and Strain, 1996] show that watermasses in the central and northern parts of the strait
are mainly influenced by sea ice melt processes. Watermasses from Hudson and Foxe Bay
with a high latitude meteoric signature (δ18ONFI of −19.2 to −21.9 h) dominate the
southeastward flow out of the strait into the LC [Tan and Strain, 1996]. Measurements
in the LC north of Hudson Strait define mixing lines with δ18ONFI ranging from −9.2
to −15.4 h, with the less negative values toward the shore [Tan and Strain, 1996].
This indicates the dominance of sea ice melt in the LC here, with more sea ice melt
occurring shorewards. Measurements to the south of Hudson Strait define δ18ONFI of
−18 to −25.6 h [Tan and Strain, 1996], which suggests that the freshwater component
of these waters is dominated by high latitude meteoric water. This difference in the
freshwater admixture characteristics to the north and south of Hudson Strait highlights
the influence that freshwater exported via Hudson Strait has on the watermasses of the
LC [Lazier, 1982; Sutcliffe Jr. et al., 1983; Drinkwater and Jones, 1987].
Oxygen isotope data of water samples from the LC at Davis Strait, collected by Tan
and Strain [1980], are presented in Figure 4.6. These data define mixing lines similar
to those of Khatiwala et al. [1999], with water deeper than 20 m defining a mixing
line between LSW and LShW with a δ18ONFI of −38.53 h, which indicates that sea
ice formation processes, driving the mixing line to the right and giving an apparent
lighter δ18ONFI , have occurred within this watermass. The waters shallower than 20 m
define a near horizontal mixing line that indicates the presence of sea ice meltwater in
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this surface layer. Additionally, using mass balance calculations, Tan and Strain [1980]
have identified the presence of sea ice meltwater on the western side of Davis Strait.
Therefore, these data indicate that sea ice processes have an important influence on the
watermasses in Davis Strait.
Further upstream, δ18O measurements of water samples collected in 1977 from the BIC
to the east and northeast of Baffin Island [Tan and Strain, 1980] define two-layer mixing
lines similar to those discussed above (Figure 4.7). The water deeper than 20 m define
δ18ONFI values of −39.31h to the east and −31.43 h to the northeast of Baffin Island
with the water shallower than 20 m define a mixing lines that are nearer horizontal.
These indicate the influence of both sea ice formation and melt processes in the BIC on
the shelf area of Baffin Island.
Isotope data from watermasses exiting the Arctic directly via Smith Sound to the north
of Baffin Bay define δ18ONFI values of −23.80 and −21.93 h in 1977 and 1980, respec-
tively [Tan and Strain, 1980, 1996] (Figure 4.8). Additionally data from just south of
Smith Sound, collected in 1980, define a δ18ONFI of −23.65 h [Tan and Strain, 1996]
(Figure 4.8). These data therefore indicate that the waters entering Baffin Bay from
the Arctic have a freshwater component that indicate a high latitude meteoric origin
with no obvious influence from sea ice formation or melting processes. Consequently,
the sea ice formation/melt influence seen in the BIC and LC from Baffin Bay to the
Newfoundland Shelf reflects local processes that occur in Baffin Bay and the Labrador
Sea. Model results showing and increase in southward sea ice flux between the Canadian
Archipelago and Davis Strait support this conclusion [Aksenov et al., 2010a].
4.3.2 New Oxygen Isotope Studies in the Labrador Current
Our new δ18O data from the LC just north of Newfoundland (Table D.3) define three
mixing lines (Figure 4.9). The water on the Labrador Shelf and slope can be divided into
two watermasses, similar to the LC δ18O data of Tan and Strain [1996] and Khatiwala
et al. [1999] (Figure 4.6), with a surface (< 20 m) mixing line slope and δ18ONFI of 0.45
± 0.11 and −15.72 ± 2.96h, respectively, and a deeper (> 20 m) mixing line slope and
δ18ONFI of 0.79 ± 0.06 and −27.25 ± 0.86 h, respectively. The surface mixing line
indicates a relatively heavy freshwater component in the surface water over the shelf
and slope, and therefore these surface waters have been influenced by local sea ice melt
processes. The deeper layer is a mixing line between the LSW and the LShW (as defined
by Khatiwala et al. [1999]) with the relatively light δ18ONFI indicating the influence of
sea ice formation and brine rejection into this watermass, locally and upstream, as
reported by Khatiwala et al. [1999] in this region. Comparison of these mixing lines
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Figure 4.7: S:δ18O mixing relationships of the LC watermasses to the north of Baffin
Island [Tan and Strain, 1980].
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Figure 4.8: S:δ18O mixing relationships of the watermasses exiting the Arctic via
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with those defined by the Khatiwala et al. [1999] data from the same location shows
that the deeper layer watermass sampled during the 2008 D332 survey is very similar to
that sampled in 1995. The upper layer mixing line slope in recorded in 2008 is steeper
relative to the 1995 data, this suggests that there is less local/Baffin Bay sea ice melt in
the Labrador Current in August/September 2008.
The δ18O data further offshore define a mixing line between LSW and a freshwater
component with a high latitude meteoric signal, with a slope and δ18ONFI of 0.60 ±
0.05 and −20.78 ± 0.72h, respectively. This may represent an outer branch of the LC,
also identified in the Khatiwala et al. [1999] data (Figure 4.6), with WGC origin [Cuny
et al., 2002]. The high latitude meteoric δ18ONFI indicates that sea ice formation/melt
processes are limited to the shelf region and are not apparent in the δ18O data off the
shelf. Instead, the δ18ONFI indicates that a high latitude meteoric freshwater source
dominates this part of the current and also reflects the δ18ONFI observed in the WGC
in the same year (see Figure 4.3). If these waters had originated in Baffin Bay, they
would likely carry a sea ice melt or formation signal like the watermasses of the inshore
LC. Therefore, this further supports the idea that watermasses originating in the WGC
form the outer part of the LC [Cuny et al., 2002].
4.3.3 Freshwater concentration transects in the Labrador Current
The LC freshwater concentration transects and freshwater column inventories (above 140
db, the depth of the Labrador Shelf) from the 2008 D332 survey are shown in Figure 4.10.
These were calculated using the mass balance calculation detailed in Chapter 3.4 and
the endmember values for sea ice meltwater, Arctic meteoric water and LSW (in place of
AW) from Khatiwala et al. [1999] (Table 4.3). These sections are comparable with those
of the EGC/EGCC and WGC data as the endmember values for LSW are very similar
to the substituted AW values. The plots show that there is meteoric water present in
the water column over the entire depth of the shelf up to 200 km from the shore. The
meteoric water maximum is at the surface a few 10s of km offshore. This pattern is
different from that observed in the 2005 (D298) and 2008 (D332) transects for the EGC
(Figure 3.6) and the WGC (Figure 4.4), where the meteoric water concentration peaks
at the coast and falls off quickly with distance and depth. The higher meteoric water
content of the LC is expected as it is the western continuation of the WGC with further
Arctic meteoric water addition from Baffin Bay and Davis Strait as well as from the
Canadian Archipelago and Hudson Bay [Mertz et al., 1993].
The sea ice meltwater concentration transect for the LC in 2008 (Figure 4.10) shows that
sea ice meltwater is present over the shelf (200 km from the coast) in the upper ∼ 10 m
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Shelf collected in 2008 on the D332 cruise. Data from Khatiwala et al. [1999], collected
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Chapter 4. Labrador Sea Current System 73
Pr
es
su
re
 (d
b)
 
 5
.4
2
5.
39
4.
76
5.
45
4.
65
4.
73
3.
27
1.
39
1.
06
1.
14
0.
65
0
50
100
150 M
et
er
or
ic 
W
at
er
 (%
)
0
5
10
15
Distance from Coast (km)
Pr
es
su
re
 (d
b)
 
 −
1.
1
−0
.9
8
−0
.7
4
−1
.1
9
−0
.8
3
−0
.7
9
−1
.0
3
−0
.5
7
0.
05
0.
07
0.
12
0.
08
0 100 200 300
0
50
100
150 Se
a 
Ice
 M
elt
wa
te
r (
%
)
−5
0
5
5
10
15
Th
ick
ne
ss
 (m
)
−10
0
10
0 50 100 150 200 250 300 350
0
5
10
Distance from Coast (km)
Meteoric Water
Sea Ice meltwater
Net Freshwater
(a)
(b)
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of the water column, and that there is a negative sea ice meltwater (brine rejected during
sea ice formation) signal below ∼ 10 m. Beyond 200 km offshore, there appears to be no
sea ice melt or brine influence. These plots, therefore, corroborate the conclusions drawn
from the LC S:δ18O plots of data from Tan and Strain [1980], Khatiwala et al. [1999]
and this study (Figures 4.6 and 4.9), that in the LC, the coastal waters are influenced
by local sea ice melt at the surface and by brine rejection from sea ice formation at
depth and that offshore of the shelf break, sea ice processes are not important. This is
expected because at maximum advance, the sea ice at this latitude is restricted to the
Labrador Shelf.
4.4 Conclusions
Oxygen isotope data from the WGC, the western extension of the EGC, give an indi-
cation of the relative proportions of freshwater exiting the Arctic via Fram Strait. The
δ18ONFI defined by data collected during the 2005 D298 and 2008 D332 cruises are
very similar to the EGC δ18ONFI from the same cruises, indicating that the oxygen
isotope signal is relatively unchanged as the current rounds the tip of Greenland. His-
torical studies in the WGC identify an anomalously heavy δ18ONFI in 1995 [Khatiwala
et al., 1999], coinciding with high Arctic sea ice export via Fram Strait associated with
the strongly positive NAO/AO index of the late 80s to mid 90s. Using mass balance
calculations I estimate that an extra 27 % sea ice admixture is required to change the
δ18ONFI from the more conventional high latitude 2008 value (of −21.79h) to the 1995
value (of −16.40h). This is equivalent to an extra 66 km3month−1 of sea ice meltwater
addition to the WGC. However, this is a much lower value than the extra Fram Strait
sea ice export recorded in winter 1994 – 1995 [Vinje, 2001; Kwok, 2004], which suggests
that nearly half of the sea ice meltwater addition was lost from the EGC-WGC system
between Fram Strait and south west Greenland, potentially having entered the Nordic
Seas (via the EIC or JMC) or the North Atlantic subpolar gyre (via the retroflection of
part of the EGC at Cape Farewell).
Our mass balance calculation of freshwater concentration within the WGC from the
2005 D298 salinity and δ18O data indicates that the sea ice meltwater pulse seen in
the EGC in Chapter 3 was transferred virtually intact into the WGC, with the same
pattern of distribution and a slight decrease in the sea ice meltwater column inventory.
Comparison of the column inventories in the EGC and WGC indicates that there is
1
6 less total freshwater in the WGC compared to the EGC. In the 2008 freshwater
concentration section through the WGC, the meteoric water is observed to have spread
further offshore than in the EGC section. The 2008 column inventories indicate that
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there is 2 m less meteoric water and ∼ 1.5 m less sea ice meltwater (brine from sea ice
formation), equating to a total of around 13 less net freshwater in the WGC compared
to the EGC. This could be a result of a change in the freshwater distribution over the
shelf or an increase in AW admixture. However, this also potentially suggests that some
of the freshwater carried in the EGC has entered the North Atlantic subpolar gyre via
the retroflection of the EGC as reported by Holliday et al. [2007]. Therefore, Arctic
freshwater may have been transported into the general ocean circulation in the North
Atlantic, this has potentially important implications for deep water formation.
Oxygen isotope studies reveal that watermasses in the LC originate from the WGC
with an admixture of high latitude meteoric water from the Arctic via the Canadian
Archipelago and Hudson Bay. Additionally, there is significant local sea ice melt and
formation influence on these watermasses in the shelf regions of Baffin Bay and the
Labrador Sea [Tan and Strain [1980]; Tan and Strain [1996]; Khatiwala et al. [1999];
this study]. These studies show that the mixing relationships in the inner branch of the
LC on the Labrador Shelf are dominated by sea ice melt and formation processes; in
the deeper water, the influence of winter sea ice formation drove the apparent δ18ONFI
to light values, and in the surface waters, summer sea ice melt resulted in a nearer
horizontal mixing relationship. The watermass in the outer branch of the LC is more
saline and has a δ18ONFI that reflects that of the WGC [Khatiwala et al. [1999]; this
study]. Therefore, freshwater carried within the EGC and, accordingly, the WGC has
the potential to be transferred south, via the LC, into the general ocean circulation of the
northern North Atlantic and, more importantly, into the central Labrador Sea [Schmidt
and Send, 2007], an important region of deep water formation, with the potential to
affect global thermohaline circulation.
Chapter 5
Hydrogen Isotopes
The sections of this chapter referring to the Eastern Mediterranean have been submitted
as a paper into Geophysical Research Letters; it is currently under review.
Abstract
The oxygen and hydrogen isotope mixing relationship in the world surface ocean is re-
lated to the global meteoric water line but differs as a result of the fractionation during
evaporation from these surface waters. The analysis of oxygen and hydrogen isotopes
in sea surface water samples can therefore, potentially allow the identification of water-
masses that were formed outside of the contemporary hydrological system and therefore
global meteoric water line. This may be useful for the discernment of Greenland glacial
meltwater from Arctic meteoric water within the East Greenland Current system as this
cannot be done with salinity and oxygen isotope data alone. New oxygen and hydrogen
isotope data presented here, compared to previously recorded data indicate that the world
surface ocean mixing relationship holds throughout much of the global oceanic salinity
range and there is relatively little spatial and seasonal variability in this relationship.
This is with the exception of the extreme low salinity surface waters of the Baltic Sea.
Comparison of three new oxygen and hydrogen isotope datasets from the East Greenland
Current system at Denmark Strait and Cape Farewell, sampled in August – September
2004, 2005 and 2008, reveals that the deuterium excess of the 2008 water samples appear
∼ 1 h lower relative to the other years. This preliminary result is potentially indicative
of the a greater admixture of Greenland glacial melt water within these currents. Hy-
drogen isotopes may therefore represent an important hydrographic tracer for Greenland
glacial melt water and more research in this field is necessary affirm this technique for
glacial meltwater detection.
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5.1 Introduction
The relationship between oxygen and hydrogen isotope ratios in the hydrological cycle is
governed by the fractionation processes associated with evaporation and precipitation.
Using data from a global survey of precipitation, continental runoff and polar meltwater,
Craig [1961] defined a global meteoric water line (GMWL) as:
δD = 8δ18O + 10 (5.1)
where δD and δ18O are the conventional delta-notations for the ratios of D to 1H and
18O to 16O, expressed as a per mil (h) deviation from the international Vienna Standard
Mean Ocean Water (VSMOW).
Equilibrium fractionation of oxygen and hydrogen isotopes during evaporation and pre-
cipitation occurs proportionally with a factor of 8. The deuterium excess (d -excess) is
defined by δD − 8δ18O. It is the intercept of the GMWL and occurs as a result of frac-
tionation occurring in addition to equilibrium fractionation during evaporation. Kinetic
fractionation, sometimes referred to as vapor-diffusion fractionation, occurs as a result
of the differences between the molecular diffusivities of each of the isotope water species
in air [e.g. Craig, 1961]. The diffusion fractionation factor (and therefore the kinetic
effect) for H162 O relative to HD
16O is not 8 times greater than that for H162 O relative
to H182 O, resulting in a relative excess of D, outside the factor of 8 relationship [e.g.
Craig, 1961]. Increased evaporation rates at higher atmospheric vapor pressures (high
temperature or low relative humidity) will therefore result in a greater kinetic versus
equilibrium fractionation and thus, higher d -excess values. Measurements of d -excess al-
low an independent assessment of the isotopic physics of evaporation used in atmospheric
isotope-enabled models. The processes and magnitude of the “kinetic” evaporation ef-
fect are still subject to some uncertainty [Merlivat and Jouzel, 1979; Cappa et al., 2003;
Barkan and Luz, 2007], and different formulations should each have a specific fingerprint
in the watermass. By comparing surface ocean d -excess values predicted using coupled
ocean-atmosphere models, it might therefore be possible to assess which surface flux
formulations are a better fit to observations [Schmidt et al., 2007].
In sea surface waters, the relationship between δ18O and δD is similar to that of the
meteoric water line:
δD = sδ18O + i (5.2)
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where s is the slope of the line (often taken to be 8, but more precisely is 7.37 ± 0.17
based on a linear regression through world surface [upper 250 m] ocean data; grey circles
in Figure 5.1), and i is the intercept. In the majority of the world surface ocean, i is
much smaller than in the GMWL (−0.72 ± 0.97 h, Rohling [2007]; see also Schmidt
et al. [1999], data originally reported by Duplessy [1970]; Weiss et al. [1979]; Aharon and
Chappell [1986]; O¨stlund et al. [1987]; Yobbi [1992]; Delaygue et al. [2001]) (grey circles
in Figure 5.1). This world surface ocean mixing relationship is isotopically heavier than
the GMWL, because evaporation from surface waters preferentially extracts the lighter
isotopes (see Figure 5.1). The slope of the evaporation line, along which the surface
water isotopes evolve, is shallower at lower latitudes as a result of the increased kinetic
fractionation in higher temperatures. This, and the higher evaporation rates at low
latitudes, accounts for the slightly shallower slope of the world surface ocean mixing line
relative to the GMWL. Laboratory experiments have shown that at 20 ◦C and varying
humidity levels, the evaporation line has a slope of 4.34 [Cappa et al., 2003]. Specifically,
across the Mediterranean basin, the evaporation line ranges from 3.94 to 4.24 [Gat et al.,
1996].
Note that the difference between the slope of the GMWL and the world surface ocean
mixing line means that the calculation of the d -excess for ocean surface waters using
a slope of 8 is not strictly valid but will be used, and hereafter referred to as the d -
intercept, in order to maintain consistency with previous studies [e.g. Schmidt et al.,
2007].
In this chapter, I will present δ18O and δD data of water samples collected during the
2001 RV Meteor M51-3 cruise in the Eastern Mediterranean, the 2005 RRS Discovery
D298 cruise at Cape Farewell, the 2004 RRS James Clark Ross Autosub Under Ice cruise
JR106b and the 2008 RRS Discovery cruise D332, respectively (Figures 3.3 and 5.2).
Using these data compared to previously recorded data, I will assess the variability and
robustness of the δ18O:δD mixing relationship in the world surface ocean. Additionally, I
will investigate the temporal variability of d -excess values in the East Greenland Current
system (EGC/EGCC) in order to assess the potential for hydrogen isotopes as a tracer
for Greenland glacial meltwater.
5.2 The surface water mixing relationship in semi-enclosed
basins
In semi-enclosed basins, regional meteoric water lines exist, where the slope remains
close to 8 but the intercept may be higher. Therefore, it may be expected that the
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Figure 5.1: The δ18O:δD mixing relationships, from top to bottom in the legend: the
modern world surface (upper 250 m) ocean (WSO) [Schmidt et al., 1999; Duplessy,
1970; Weiss et al., 1979; Aharon and Chappell, 1986; O¨stlund et al., 1987; Yobbi,
1992; Delaygue et al., 2001], the Gat et al. [1996] Mediterranean dataset (G96), the
M51-3 Mediterranean dataset, the D298 Cape Farewell dataset, the complete GISS
model data mixing relationship [Schmidt et al., 2007], the GISS model results from the
Mediterranean (GISS-M) [Schmidt et al., 2007] and the GISS model results from the
East Greenland region (GISS-G) [Schmidt et al., 2007]. The GMWL and an example
evaporation line are also plotted.
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δ18O:δD mixing relationships in the surface waters in these regions differ from the world
surface ocean. In this section, I present new δ18O and δD data from the Mediterranean
Sea and previously published δ18O and δD data from the Baltic Sea to investigate the
potential differences in the mixing relationships in these basins, which are at the extreme
high and low salinity ends of the global oceanic range, relative to the world surface ocean
mixing relationship.
5.2.1 The Mediterranean Basin
In the Eastern Mediterranean the intercept of the meteoric water line is reported to be
close to 22 [Gat, 1996; Matthews et al., 2000; McGarry et al., 2004]. The δ18O:δD mixing
relationship of surface waters in highly evaporative regions, like the Mediterranean basin,
might differ from the world surface ocean as a result of the increased kinetic fractionation
during evaporation into dry continental air masses. Gat et al. [1996] reported oxygen
and hydrogen isotope data from Eastern Mediterranean surface waters that define a
δ18O:δD relationship that is considerably different from that of the world surface ocean.
Their reported mixing line in δ18O:δD space is nearly flat, whereby the δD values are
almost constant over a 1 h range of δ18O and i has a value of 7.44 h (grey triangles in
Figure 5.1). Gat et al. [1996] postulate that such a relationship may have developed as
a result of continuous evaporation and precipitation cycles in a warm atmosphere with
low relative humidity.
Here, new oxygen and hydrogen isotope data from 98 surface water samples from two
cruises (Table D.1) are presented; 40 of the surface water samples were collected during
the November – December 2001 RV Meteor M51-3 cruise in the Eastern Mediterranean,
and the remaining 58 were collected from across the EGC/EGCC during the August –
September 2005 RRS Discovery D298 cruise at Cape Farewell (Figure 5.2). Together,
these sample sets cover a wide range of ocean salinity, from 29.97 to 39.38. This allows
the verification of internal consistencies in the δ18O:δD relationships found, as well as
relative to previously reported data. Oxygen isotope ratios were analyzed on the sam-
ples using a dual inlet Finnigan MAT 251 light stable isotope ratio mass spectrometer
following equilibration of 5 ml of sample for 10 hours at 18.1 ◦C. The external precision
for the oxygen isotope analyses is ± 0.10 h (2σ). Hydrogen isotope ratios were ana-
lyzed on the samples by means of Cr-based pyrolysis of 0.2 µl of sample in a Eurovector
3000 elemental analyzer feeding into a continuous-flow GV Instruments Isoprime mass
spectrometer. The external precision for the hydrogen isotope analyses is ± 1.25 h
(2σ). Three in-house water standards, which were previously calibrated against Vienna
Mean Standard Ocean Water 2 (VSMOW2), Standard Light Antarctic Precipitation
2 (SLAP2) and Greenland Ice Sheet Precipitation (GISP), were analyzed in duplicate
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during each sample run in order to produce an offset correction regression to shift the
isotope data to the VSMOW scale. All analyses were performed at the University of Cal-
ifornia, Davis, with an inter-laboratory calibration between the National Oceanography
Centre, Southampton and the University of California, Davis (see Appendix C).
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Figure 5.2: Maps of the oxygen and hydrogen isotope data station locations for RV
Meteor cruise M51-3, Pierre et al. [1986], Pierre [1999] and Gat et al. [1996] (a) and
the RRS Discovery cruise D298 (b).
The data from Cape Farewell (hereafter D298) define a low salinity, high latitude mixing
line with a slope and intercept of 7.59 ± 0.27 and −0.48 ± 0.27 h, respectively (where
uncertainty limits represent 95 % confidence intervals; r2 = 0.98), which are consistent
with the rest of the world surface ocean data (black squares in Figure 5.1; Table D.4).
The new data from the Eastern Mediterranean (hereafter M51-3) do not reproduce the
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exceptional δ18O:δD relationship reported by Gat et al. [1996]. Instead, a high-salinity
mixing line is defined, with a slope and intercept of 6.99 ± 0.82 and 0.31 ± 1.11 h,
respectively (r2 = 0.89), which agree well with the rest of the world surface ocean data
(black crosses in Figure 5.1; Table D.4). The new data from both low salinity and
high salinity regions indicate that the previously observed world surface ocean δ18O:δD
mixing relationship holds well throughout this salinity range. The Gat et al. [1996]
mixing line for Eastern Mediterranean surface waters therefore stands out as a distinct
anomaly relative to both the new data presented here, and the previously published data
from the rest of the world (Figure 5.1).
Schmidt et al. [2007] used a coupled ocean-atmosphere model, at the Goddard Institute
for Space Studies (GISS), to simulate the oxygen and hydrogen isotope distributions in
the world ocean. This model, as any global model, does not have the resolution that
would allow all of the regional aspects of the relevant hydrological processes to be re-
solved. The data from the GISS model do however give a sound indication of the water
isotope distribution in the global ocean basins. The GISS modeled δ18O:δD mixing re-
lationship results are also shown in Figure 5.1 (blue line and data points). The model
reproduces the world surface ocean observations well with respect to δ18O and δD. In ad-
dition, direct comparison of the GISS data from East Greenland and the Mediterranean
with the new data from these regions shows that the mixing relationships are similar,
even though the modeled isotope ratios are heavier with respect to δD than observed in
both regions (Figure 5.1). Therefore, the anomalous, nearly flat δ18O:δD relationship
found in the Mediterranean [Gat et al., 1996] has not been reproduced in either the new
isotope data presented here or in the GISS model data from that region. Schmidt et al.
[2007] originally suggested that the discrepancy in d -intercept values in the Mediter-
ranean between the GISS model and the Gat et al. [1996] data might indicate that the
model incorporates insufficient evaporation or too much mixing with non-Mediterranean
air over the Eastern Mediterranean. The new data from the Mediterranean suggest that
the GISS model is in much better agreement with observations from this region than
was initially thought.
Additionally, Rohling [2007] presented a new theoretical framework for deriving (paleo-
)salinity using both oxygen and hydrogen isotope data to constrain changes in the hydro-
logical cycle and therefore changes in sea surface salinity. When applied to the modern
Mediterranean basin using the oxygen and hydrogen isotope data of Gat et al. [1996],
the modern Mediterranean salinity is not reproduced. The new Mediterranean data,
presented here, instead, allow a more realistic salinity estimation of the Mediterranean
basin using this (paleo-)salinity reconstruction method [Rohling, 2007]. Therefore, it is
apparent that there may be some issues with the Gat et al. [1996] dataset.
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The spatial distributions of δ18O, δD and d -intercept values from the Gat et al. [1996]
and M51-3 datasets across the Eastern Mediterranean are shown in Figure 5.3. The
salinity values from the M51-3 dataset increase from 38 in the west to 39 in the east.
The M51-3 δ18O and δD data also increase from west to east, similar to the salinity
distribution over the basin. This is as expected because these parameters in the surface
waters are determined by the same processes. The M51-3 d -intercept values appear to
be at a minimum northeast of Crete increasing to the southeast and northwest. The
Gat et al. [1996] salinity values are at a maximum northeast of Crete and decrease
northwards and eastwards. The Gat et al. [1996] δ18O values broadly increase eastwards
with a maximum north of Crete. However the Gat et al. [1996] δD values decrease
eastwards to a minimum in the easternmost Mediterranean. This leads to a d -intercept
distribution that is very different from that found in the M51-3 data and the Schmidt
et al. [2007] model data. The M51-3 water samples were collected at similar depths and
locations to the Gat et al. [1996] samples (Figure 5.2). The M51-3 samples were collected
in autumn 2001, while the Gat et al. [1996] samples were collected in summer – winter
1988 – 89. These spatial and temporal similarities in sample collection indicate that
depth, location and seasonal difference cannot explain the disparity between the two
datasets in a straightforward manner. Furthermore, the similarity in salinities indicates
that the disparity cannot be explained in terms of a difference in overall evaporation
and precipitation either.
The drivers of the Mediterranean δ18O:δD mixing relationship are assumed to be simi-
lar to those controlling the world surface ocean mixing relationship. The Mediterranean
meteoric water line has a slope and intercept of 8 and −22 h respectively [Gat, 1996;
Matthews et al., 2000; McGarry et al., 2004]. Therefore, evaporation from the Mediter-
ranean surface water will shift the surface water mixing line along the local evaporation
line with a slope of approximately 4 [Gat et al., 1996], to heavier values whilst retain-
ing a slope of approximately 8. The slightly shallower slope of 6.80 observed in the
Mediterranean surface waters likely results from higher evaporation rates in the Eastern
Mediterranean relative to the west, thereby shifting the higher salinity watermasses to
slightly heavier isotopic values.
The new Mediterranean δ18O values are consistent with surface water samples collected
from this region in 1995 [Gat et al., 2003]. However, the new data are ∼ 0.3 h lighter
than those of Gat et al. [1996], and compared to the δ18O data of Pierre et al. [1986]
and Pierre [1999] (collected 1986 – 1990), the new Mediterranean data are also ∼ 0.2
h lighter. This shift to slightly lighter δ18O values in this region may have resulted
from the so-called Eastern Mediterranean Transient (EMT), which occurred between
1987 and 1995 [e.g., Roether et al., 1996; Klein et al., 1999]. During the EMT, deep
water intrusion of Aegean waters, previously prevented by admixture of lower density
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Figure 5.3: Salinity, δ18O, δD and d -intercept distribution maps of the M51-3 data
((a), (b), (c) and (d)) and the [Gat et al., 1996] data ((e), (f), (g) and (h)).
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water during outflow, caused a basin-wide redistribution of salinity, temperature and
nutrient concentrations [Roether et al., 1996; Klein et al., 1999; Malanotte-Rizzoli et al.,
1999]. These changes persisted for at least a decade [Theocharis et al., 2002]. If the
EMT caused a shift in δ18O values and not in salinity, then that suggests a change in
the freshwater source rather than a change in the amount of freshwater addition. The
major rivers feeding the Black Sea, and therefore the Aegean surface waters, have higher
latitude catchment areas (for example the river Danube that flows from Germany to the
Black Sea) than the rivers that flow directly into the Eastern Mediterranean (for example
from Turkey or Egypt). These higher latitude source rivers contribute freshwater with
lighter δ18O values to the Black Sea [e.g., Rank et al., 1999] and the exchange of surface
waters between the Black Sea and the Aegean Sea then results in a surface freshwater
admixture with a relatively light δ18O signature in the Aegean. Therefore, during the
EMT, when these waters penetrated and filled the deep Mediterranean, not only was
there a redistribution in salinity, but also waters with a potentially lighter δ18O signature
were introduced into the Eastern Mediterranean basin. Additionally, Figure 5.4 shows
a S:δ18O plot of the M51-3 data compared to that of Pierre et al. [1986], Pierre [1999]
and [Gat et al., 1996]. The M51-3 data points from the deeper (100 m) waters span
the same salinity range as the surface waters (salinity = 37.8 – 39.4) indicating that the
Eastern Mediterranean basin is well mixed vertically. Conversely, the deeper water data
of Pierre et al. [1986] and Pierre [1999] and [Gat et al., 1996], pre-eMT, span only a
fraction of the surface water salinity range. The deep water salinity range is 38.3 to 39.3
relative to the surface water range of 37.4 to 39.6. This supports the hypothesis that the
EMT has influenced both the salinity and the δ18O distribution in the Mediterranean
Sea.
Despite this slight shift in δ18O, the new isotope data from the Eastern Mediterranean
basin fit better with the GISS model results of Schmidt et al. [2007] (Figure 5.1) and
allow a reasonable estimation of the salinity using the (paleo-)salinity calculation of
Rohling [2007]. Therefore, in light of the new Eastern Mediterranean data, there would
seem to be no anomalous behavior of the δ18O:δD mixing line for Mediterranean surface
waters, contrary to the findings of Gat et al. [1996]. The Mediterranean surface water
δ18O:δD mixing line instead remains consistent with the world surface ocean mixing line
at the higher salinity end, despite the highly evaporative nature of the region. Given
the agreement of the new data across the salinity range with previous global data, as
well as with the GISS model output, the isotope data discrepancy indicates that there
may be issues with the isotope measurements of Gat et al. [1996].
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Figure 5.4: S:δ18O plot of M51-3 data (crosses and squares) compared with Pierre
et al. [1986], Pierre [1999] (circles) and [Gat et al., 1996] (triangles). Grey data points
denote surface water samples and black data points denote deep water samples.
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5.2.2 The Baltic Sea
Oxygen and hydrogen isotope data from the Baltic Sea are presented in Frohlich et al.
[1988] (Figure 5.5). These data define a mixing line with a slope and intercept of 7.11 ±
0.30 and −4.57 ± 1.92 h respectively (r2 = 0.99). The slope of this mixing relationship
is within error of the world surface ocean data. However, the intercept in the Baltic is
lighter than the world surface ocean. The local meteoric water line in the Baltic likely
defines a smaller d -excess than the GMWL, as it is a high latitude region, and therefore,
evaporation from the surface waters here will then result in a mixing line that lies to the
right of the world surface mixing line in δ18O:δD space. The very light isotopic values
of this watermass suggests a large high latitude, meteoric freshwater component with
relatively little open ocean influence. This is also reflected in the salinity of these waters
ranging from 5 to 28 [Frohlich et al., 1988].
Therefore the Baltic Sea has a δ18O:δD mixing relationship that is similar but statis-
tically distinct from the world surface ocean. This basin is heavily influenced by high
latitude meteoric input and so remains relatively fresh as a result of limited mixing with
the open ocean.
5.3 Variations within the world surface ocean δ18O:δD mix-
ing relationship
Slight variations in the δ18O:δD mixing relationship of surface waters in different loca-
tions and seasons are expected because temperature and humidity determine the iso-
tope fractionation and therefore, also the d -excess, during evaporation. In this section
I combine the previously reported world surface ocean data with the new δ18O:δD data
presented here so far, and additional new data from the EGC/EGCC at Denmark Strait
and Cape Farewell. These were collected during the 2004 RRS James Clark Ross Au-
tosub Under Ice cruise JR106b [Dowdeswell, 2004], and the 2008 RRS Discovery cruise
D332 [Bacon, 2010], respectively (Figure 3.3). All the samples were analyzed in UC
Davis, California, using the same laboratory procedures and techniques as the Mediter-
ranean M51-3 and Cape Farewell D298 samples presented above, the data are presented
in Table D.4. These data define δ18O:δD mixing relationships similar to the 2005 D298
and the world surface ocean mixing relationships (Figure 5.6). Specifically, the 2004
JR106b data define a line with a slope and intercept of 7.68 ± 0.19 and −0.11 ± 0.15
h respectively and the 2008 D332 data define a slope and intercept of 8.10 ± 0.50 and
−0.78 ± 0.32 h respectively. Using this combined dataset, the temporal and spatial
variations in the surface ocean δ18O:δD mixing relationship can be assessed. Note that
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Figure 5.5: δ18O:δD mixing relationships of the Baltic Sea data [Frohlich et al., 1988]
compared to the world surface ocean data (WSO) (excluding the new data from the
East Greenland Current System and the Mediterranean).
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the 2008 D332 define a mixing line that is statistically distinct from the world surface
ocean mixing relationship but have been included within this analysis along with the
Baltic Sea data [Frohlich et al., 1988]. Note also that data from Aharon and Chappell
[1986] have been omitted from these analyses as they were collected from a lagoon envi-
ronment in the Huon Peninsula of New Guinea and therefore are unlikely to reflect the
open ocean δ18O:δD of the tropical Pacific.
Figure 5.7 is a map of all the oxygen and hydrogen isotope sample locations. The
different color points denote the time of year for sample collection. There is a relationship
between the sampling season and location because sampling in the high latitude northern
hemisphere mainly occurs during the boreal summer and sampling in the high latitude
southern hemisphere, during the boreal winter. This, together with the paucity of the
data, may make it difficult to separate the effects that locality and seasonality have on
the δ18O:δD mixing relationships.
Figures 5.8 and 5.9 show the δ18O:δD mixing relationships defined by data collected
in different regions and during different seasons. The δ18O:δD mixing relationships in
the northern and southern hemisphere above 30◦ appear to be very similar, however the
lower latitude data fall on a slightly shallower line indicating the higher evaporation rates
resulting from higher temperatures and potentially less humid evaporative conditions
(Figure 5.8(a)).
When divided into ocean basins (Figure 5.8(b)) it appears that the Indian Ocean basin
data fall on a much shallower mixing line whereas the low latitude Atlantic and Pacific
data follow a similar trend to the rest of the high latitude data. It is therefore the
Indian Ocean data that influence the relatively shallow slope of the overall low latitude
mixing line. These samples were collected along the Somalian coast during the South
Asian monsoon season. The wind patterns associated with the monsoon causes strong
upwelling bringing deep waters to the surface in this region [Delaygue et al., 2001;
Mafimbo and Reason, 2010]. This, and the higher evaporation rates during the monsoon
mean that these samples do not represent the “normal” surface δ18O:δD relationship and
therefore, it is reasonable that they should define a δ18O:δD mixing relationship that is
different to other surface waters. There are more subtle variations between the other
ocean basins with tropical and north Pacific defining the shallowest lines (slope of 6.97
and 6.93, respectively) and southern Indian, the steepest (slope of 8.61).
The δ18O:δD mixing relationships from different seasons are shown in Figure 5.9. The
mixing relationships fall on a similar trend with almost no difference between the boreal
summer, autumn and winter lines. The spring mixing relationship falls on a very slightly
shallower line.
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Figure 5.6: Plot showing the δ18O:δD mixing relationships of the following datasets:
1) Modern world surface (upper 250 m) ocean [Schmidt et al., 1999; Duplessy, 1970;
Weiss et al., 1979; Aharon and Chappell, 1986; O¨stlund et al., 1987; Yobbi, 1992;
Delaygue et al., 2001]
2) 2001 Mediterranean M51-3 Mediterranean dataset
3) 2004 JR106b Denmark Strait dataset
4) 2005 D298 Cape Farewell dataset
5) 2008 D332 Cape Farewell dataset
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Overall, the variation in the surface ocean δ18O:δD mixing relationship in different re-
gions and seasons is relatively small. Differences in the sampling region appears to be
the factor causing the majority of this variation as a result of the varying evaporative
conditions.
5.4 New World Surface Ocean Mixing Relationship
In this chapter, 197 new δ18O and δD data are presented adding to the original world
total of 280 [Schmidt et al., 1999]. These new data are consistent with the previously
recorded world surface ocean δ18O:δD mixing relationship with the exception of the 2008
D332 data from Cape Farewell. The new Mediterranean and EGC/EGCC δ18O:δD data
verify that the world surface ocean relationship holds throughout the majority of the
global salinity range. These data therefore affirm the previously observed world ocean
surface mixing relationship. However, very low salinity waters of the Baltic Sea define
a δ18O:δD mixing line that is similar to the world surface ocean but with a slightly
lower d -intercept value, owing to the likely lower d -excess of the local meteoric water
line. Therefore, the world surface ocean mixing relationship may not be as tightly
constrained as previously thought with regional meteoric mixing relationships exerting
a greater influence on the surface waters in the more extreme low salinity regions.
Together the world surface ocean data, 2001 M51-3 data, 2004 JR106b data and the
2005 D298 data define a new world surface ocean mixing relationship:
δD = 7.45δ18O − 0.60 (5.3)
This is within error of the previously recorded δ18O:δD mixing relationship and may be
used as the new world surface ocean δ18O:δD mixing relationship, spanning a salinity
range of 29.97 to 39.38.
5.5 Variations in the δ18O:δD mixing relationship in the
East Greenland current
The 2008 D332 mixing line appears steeper with a lighter intercept relative to the world
surface ocean, 2004 JR106b and 2005 D298 mixing lines (Figure 5.6). This difference ap-
pears at the low salinity end of the mixing relationship as the lines converge at the higher
salinity end and therefore reflects a subtle difference in the δ18O:δD in the freshwater
component of this watermass.
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The δ18O:d -intercept plot in Figure 5.10(a) shows that the d -intercept values of the
watermasses of the EGC/EGCC are broadly consistent with the world surface ocean
values. However, as the difference between the 2008 D332 δ18O:δD mixing line and that
of the other two EGC/EGCC datasets implies a change in the freshwater component,
it may be useful to concentrate on the lower salinity half of the δ18O:d -intercept plot in
order to discern any difference between the d -intercept values of these datasets (Figure
5.10(b)). This shows that at the lower salinity end (< 34), the 2008 D332 d -intercept
values are 0.78 h lighter than the mean of the 2004 JR106b and 2005 D298 values
despite all being sampled from the EGC/EGCC and at the same time of year (Figure
5.10(b)). This could be an indication that the watermasses of the EGC/EGCC sampled
during the 2008 D332 survey were influenced by a freshwater endmember component
with a different δ18O:δD mixing relationship to the world surface ocean, and therefore
potentially outside the contemporary hydrological cycle. For example, the Greenland
ice sheet represents a reservoir of “fossil” water, given that it formed during the last
glacial cycle when the global δ18O:δD mixing relationship was different to the modern
day relationship presented in Figure 5.1 [Jouzel et al., 2007].
The d -excess record from the Greenland Ice Core Project (GRIP) has a range of values
between 5 and 10 h [Jouzel et al., 2007]. However, the precise d -excess value of the
Greenland ice melt contribution to the EGC/EGCC will depend on the age of the ice that
is melting at the East Greenland coast. Analysis of a floating iceberg fragment captured
during the 2005 D298 survey at Cape Farewell gives δ18O and δD values of −22.13
and −170.84 h respectively, which define a d -excess value of 6.22 h. This fragment
was identified as glacier ice on the basis of its zero salinity (close to the distilled water
standard) and its pressurized air bubbles. The Stable Isotope Radio Mass Spectrometry
laboratory at the National Oceanography Centre, Southampton, holds a Greenland ice
standard, made from melted snow, a meter below the surface, at the GRIP site. It was
calibrated at the Center for Ice and Climate, University of Copenhagen and has δ18O
and δD values of −40.00 and −170.8 h, and a corresponding d -excess value of 6.00 h.
Therefore, the average d -excess value of the Greenland ice meltwater addition to the
EGC/EGCC is ∼ 6 h.
Sub-Arctic oxygen and hydrogen studies have indicated that the d -excess of Arctic
meteoric water is between 8 and 10h. For example, Wolfe and Edwards [1997] report a
local meteorological water line from the Yenisei River region near the northern coast of
Russia, with a slope and intercept of 8.0 and 9.4 h respectively. Additionally, oxygen
and hydrogen isotope data from precipitation in the NW Swedish Lapland define a mean
d -excess value of 8.64 h [Jonsson et al., 2009].
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JR106b  δD = -0.51δ18O - 0.32  r2 = 0.21
D298  δD = -0.57δ18O - 0.68  r2 = 0.15
D332  δD = -0.55δ18O - 1.27  r2 = 0.57
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Figure 5.10: δ18O:d -intercept plots of the following datasets: (a) World surface ocean,
M51-3, JR106b, D298 and D332 datasets and (b) the lower salinity (<34) end of the
JR106b, D298 and D332 datasets.
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Therefore, Greenland glacial ice could potentially represent a freshwater contribution
to the EGC/EGCC with a low d -excess value relative to that of Arctic meteoric wa-
ter. Thus, the slightly lower d -intercept seen in the D332 water samples may indicate
a greater Greenland glacial ice influence in these water samples and so an increased
Greenland glacial meltwater admixture in the EGC/EGCC in 2008.
Using a 4 endmember mass balance calculation, similar to the 3 endmember mass balance
calculations used in Chapters 3 and 4, I attempt to quantify the Greenland meltwater
fraction carried in the EGC/EGCC. The equations used are detailed below:
fmw + fgi + fsi + faw = 1 (5.4)
fmwSmw + fgiSgi + fsiSsi + fawSaw = S (5.5)
fmwδmw + fgiδgi + fsiδsi + fawδaw = δ (5.6)
fmwdmw + fgidgi + fsidsi + fawdaw = d (5.7)
where letters f , S, δ and d stand for the fraction, salinity, δ18O and d -excess, respec-
tively, with the subscripts mw, gi, si, and aw denoting meteoric water, Greenland glacial
meltwater, sea ice meltwater and Atlantic Water (AW), respectively.
The endmember values and corresponding watermass fractions are given in Table 5.1.
The δ18O value for Greenland glacial meltwater was set to −30 h, this value is in the
middle of the range of glacial δ18O values (−20 to −40; Reeh et al. [2002]). The δ18O
and d -excess values for Arctic meteoric water were approximated from Jonsson et al.
[2009] and Wolfe and Edwards [1997]. The AW and sea ice meltwater d -excess values
were taken to be the same as the d -intercept value for the new world surface ocean
mixing relationship (Equation 6.2). All the other endmember values are the same as
those used in the Chapters 3 and 4 [Bauch et al., 1995; Meredith et al., 2001].
The corresponding watermass fractions calculated using these endmember values are
shown in Table 5.2. Watermass fractions using the 3 endmember mass balance (Chapter
3) are also shown for comparison. These calculated watermass fractions are mostly
comparable to those calculated using a 3 endmember mass balance. However, this is
with the exception of the glacial meltwater fraction calculated from the 2004 JR106b
data, and meteoric water fraction and sea ice meltwater fraction calculated from the 2008
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Table 5.1: East Greenland watermass salinity, δ18O and d -excess endmember values
used in the 4 endmember mass balance calculations.
Watermass Salinity δ18O (h) d -excess (h)
Arctic meteoric water 0 −18 10
Greenland glacial meltwater 0 −30 6
Sea ice meltwater 3 Surface + 2.1 −0.6
AW 34.92 0.3 −0.6
D332. These glacial and meteoric water fractions are negative and therefore unrealistic;
there is always some Greenland glacial meltwater present in these currents and Arctic
meteoric water is the main freshwater contributor to these currents. The 2008 D332
sea ice meltwater fraction is around double that of the 2005 D298 water samples. This
is unlikely as the salinity and oxygen isotope data have identified an unusually large
sea ice meltwater admixture in the 2005 water samples. The Greenland glacial δ18O
and d -excess endmember values are not very well constrained but changing the glacial
ice endmember values does not yield more realistic results. Additionally changing the
other endmember values within their expected ranges does not affect the results greatly.
Therefore, this calculation cannot be used to calculate the Greenland glacial meltwater
fraction in the EGC/EGCC until endmember values are more tightly constrained.
Table 5.2: Watermass fractions in the EGC/EGCC calculated using the 4 endmember
mass balance calculations on the 2004 JR106b, the 2005 D298 and the 2008 D332
datasets. The 3 endmember mass balance freshwater fractions calculated in Chapter
3 are also included. Here, f denotes the fraction with subscripts mw, gi, si and aw
representing meteoric water, glacial ice melt, sea ice meltwater and Atlantic Water,
respectively.
Cruise fmw fgi fsi faw
2004 JR106b 0.075 −0.005 −0.021 0.951
3 endmember 0.058 −0.008 0.954
2005 D298 0.032 0.027 0.028 0.912
3 endmember 0.066 0.021 0.913
2008 D332 −0.060 0.083 0.035 0.944
3 endmember 0.063 −0.008 0.945
Therefore, while this preliminary study using d -excess as a tracer for Greenland glacial
meltwater shows promise, it is very speculative and more oxygen and hydrogen isotope
studies are required in Arctic rivers to obtain a full range of the Arctic meteoric d -excess
values and in the Greenland Fjords for the full range of glacial ice values. With definitive
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endmember values it may then be possible to use d -excess of water samples collected
from the EGC/EGCC and West Greenland Current (WGC) to discern the Greenland
glacial ice admixture from the Arctic meteoric signature in these currents.
5.6 Summary
The oxygen and hydrogen isotope data in the world surface ocean define a mixing re-
lationship heavier and slightly shallower than the GMWL as a result of evaporation
from the surface waters and the higher evaporation rates at lower latitudes. New data
from the Mediterranean define a δ18O:δD mixing relationship consistent with the world
surface ocean water line at the higher salinity end, despite the highly evaporative nature
of the region. The new Eastern Mediterranean δ18O data presented here are slightly
lighter than the previously obtained values, suggesting that the EMT of the late 80s to
early 90s has affected distribution of δ18O in the Eastern Mediterranean basin. Data
from the Baltic Sea define a δ18O:δD that is similar but statistically distinct from the
world surface ocean mixing relationship [Frohlich et al., 1988]. Therefore, the world
surface ocean relationship holds throughout most of the global salinity range, affirming
this as the global surface ocean mixing relationship with the exception of the extreme
low salinity and isotopically light waters found in the Baltic, where the local meteoric
water line heavily influences the surface water mixing relationship.
Regional and seasonal variations in the δ18O:δD mixing relationships are relatively small.
However, regional differences appear to be the dominant factor causing the observed
variations in δ18O:δD with a slope range of 4.91 to 8.61 whereas the seasonal variations
are slight (slope range of 7.11 to 7.71). The new data presented in this chapter allows
the addition of 148 (out of a total of 197) new δ18O:δD data points to the world surface
ocean mixing relationship. This relationship is therefore redefined and spans the salinity
range of 29.97 to 39.38.
New oxygen and hydrogen data collected from the EGC/EGCC at Denmark Strait and
Cape Farewell in 2004 (JR106b), 2005 (D298) and 2008 (D332) define d -intercept values
that are broadly consistent with the world surface ocean data. However, at the lower
salinity end the 2008 d -intercept values appear nearly 1h lighter than in 2004 and 2005.
This may indicate a greater influence of Greenland glacial meltwater in this watermass in
2008; Greenland glacial meltwater represents a watermass formed outside of the contem-
porary hydrological system with a lighter d -excess than Arctic meteoric water. However,
more detailed studies are required to properly define the endmember d -excess values to
allow calculation of the Greenland glacial meltwater fraction and therefore, determine
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the importance of d -excess as a measure of Greenland glacial meltwater admixture into
the EGC/EGCC and the WGC.
Chapter 6
Synthesis of the Arctic
Freshwater Mass Balance
The Arctic is undergoing changes as a result of the increasing global surface air tempera-
tures. These changes have shifted the freshwater balance in the Arctic through increased
river run off, melt back of Arctic sea ice and increased Greenland glacial melt. This extra
freshwater input is either stored within the Arctic or exported to the northern North
Atlantic. Variation in the Arctic freshwater export, and therefore the Arctic freshwater
balance, has important implications for the global climate through the potential sup-
pression of deep water formation in the key areas of the northern North Atlantic, which
may jeopardize the Atlantic Meridional Overturning Circulation (AMOC).
In this thesis, I have used stable isotopes as freshwater tracers in order to assess the
freshwater export from the Arctic to the northern North Atlantic via the East Greenland
Current (EGC), East Greenland Coastal Current (EGCC), West Greenland Current
(WGC) and Labrador Current (LC). The key findings are:
• Interannual variations in Arctic freshwater export through Fram Strait are trans-
ferred via the EGC/EGCC from Fram Strait to Cape Farewell.
• Sea ice meltwater plays an important role in the formation of the low-salinity
EGCC.
• Arctic freshwater is transferred via the EGC/EGCC into the WGC and, in turn,
into the outer branch of the LC via the Labrador Sea.
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• A previously reported retroflection [Holliday et al., 2007] of ∼ 13 of the EGC/EGCC
into the northern North Atlantic was potentially observed in 2005 and 2008. Specif-
ically, there was a ∼ 16 and a ∼ 13 decrease in the total freshwater fraction from
the EGC/EGCC to the WGC in these years, respectively.
• The LC consists of an inner branch comprising water exported from the Arctic via
the Canadian Archipelago and local sea ice melt, and an outer branch comprising
water transferred from the WGC.
• The world surface ocean δ18O:δD holds throughout much of the global oceanic
salinity range.
• The intercept values of δ18O:δD relationships are a potential tracer, with consid-
erable promise, for Greenland glacial ice melt.
6.1 Surface salinity:δ18O mixing relationships from Fram
Strait to Newfoundland
Stable isotope studies of watermasses in the currents exiting the Arctic have proved a
useful tool for determining origins of the freshwater admixture to these watermasses.
The S:δ18O mixing relationships have allowed the assessment of mixing processes within
these currents and the distinction of local versus upstream freshwater additions.
The S:δ18O mixing relationships recorded in the EGC/EGCC reveal that watermass
mixing is not constant along its path from Fram Strait to Cape Farewell. Instead, north
of Denmark Strait, there is a two-layer watermass system whereby the upper wind-mixed
layer, ∼ 50 m, is distinct from the rest of the upper 500 m of the water column. This
illustrates the weak turbulent mixing north of Denmark Strait [Naveira-Garabato et al.,
2004] and the local sea ice and glacial ice meltwater addition at the surface. South of
Denmark Strait, strong turbulent mixing [Lauderdale et al., 2008] results in a one-layer
watermass whereby the upper 500 m of the water column is less stratified and defines
a single mixing line between Atlantic Water (AW) and a freshwater endmember that
consists of a mixture of Arctic meteoric water, sea ice meltwater and Greenland glacial
meltwater.
Comparison of δ18O data from historical studies in and south of Denmark Strait with
new data presented in this thesis has shown that the δ18O of the net freshwater intercept
(δ18ONFI) in the EGC/EGCC has not been constant over the ∼ 60-year record. A ∼ 5
h shift to lighter values between 1993 and 1998 in Kangerdlugssuaq Fjord potentially
indicates an increase in Greenland glacial meltwater admixture, or a reduction in sea ice
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melt admixture to the EGC/EGCC. This was followed, in 2005, by an unprecedented
shift in the δ18ONFI to a value ∼ 10 h heavier (−14.60 h relative to the historical
range of −20.72 to −26.08 h). Repeat observations in 2008 indicate that the δ18ONFI
had returned to a more “normal” value (−22.76 h). The shift or around ∼ 10 h to
a heavier value, observed in 2005, represents 99 ± 12 km3month−1 extra sea ice melt
water admixture to the EGC/EGCC and coincides with a similar magnitude peak in the
Fram Strait solid sea ice export during January 2005 [Spreen et al., 2009]. Therefore, it
is clear that interannual variations in the Fram Strait solid and liquid freshwater export
are transferred via the EGC/EGCC to Cape Farewell.
Oxygen isotope data from both the EGC/EGCC and WGC, both sampled during the
2005 and 2008 surveys, indicate that the freshwater signal carried in the EGC/EGCC is,
as expected, transferred around the tip of Greenland. However, there is evidence that
some of the freshwater carried within the EGC/EGCC is lost from the system en route
from Fram Strait. The 2005 data indicate that as the EGC/EGCC rounds the tip of
Greenland ∼ 16 of the total freshwater fraction is lost. The 2008 data reveal that ∼ 13
of the EGC/EGCC freshwater fraction did not enter the WGC. This may be a result
of more AW mixing into the WGC or a change in the freshwater distribution over the
Greenland Shelf. However, this could also indicates that part of the freshwater exported
from Arctic is lost from the EGC/EGCC, most likely due to the retroflection of part of
the main current at Cape Farewell into the North Atlantic subpolar gyre, as identified by
Holliday et al. [2007]. In addition, δ18O data from the WGC in 1995 indicate a greater
than usual sea ice meltwater admixture [Khatiwala et al., 1999]. This is around half
the extra Fram Strait sea ice export reported for that year [Vinje et al., 1998; Krabill
et al., 2004]. This, therefore, suggests that freshwater was lost from the EGC/EGCC
and WGC en route from Fram Strait either via the East Icelandic Current (EIC) and
the Jan Mayen Current (JMC) into the Nordic Seas or the retroflection of the EGC
at Cape Farewell into the North Atlantic Subpolar Gyre. Therefore Arctic freshwater,
exported via Fram Strait, may be transported into regions of deep water formation and
into the general circulation of the North Atlantic.
Salinity and oxygen isotope data from the LC, just north of Newfoundland, define three
mixing relationships, for a two-layer watermass over the Labrador shelf, and a separate
watermass over the Labrador Slope. Over the shelf, the upper 20 m of the water col-
umn is heavily influenced by local and Baffin Bay sea ice meltwater admixture. Below
this, a mixing line exists between Labrador Sea Water (LSW) and Labrador Shelf Water
(LShW), an Arctic meteoric endmember exported via the Canadian Archipelago that
has been influenced by local sea ice formation. Offshore, the watermass defines a mixing
line between LSW and a high latitude meteoric endmember. This watermass poten-
tially originates from the WGC. The transfer of WGC watermasses, and therefore Fram
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Strait freshwater export, to the LC indicates that interannual variations in Fram Strait
freshwater export not only has the potential to reach the Nordic Seas and the Atlantic
subpolar gyre, but could also impact deep water formation regions in the Labrador Sea.
6.2 The applications of Hydrogen Isotopes
The world surface ocean δ18O:δD relationship was previously established as (N = 244):
δD = 7.37δ18O − 0.72 (6.1)
In total, this thesis presents 197 new δ18O and δD data. The 2008 D332 data from Cape
Farewell define a mixing relationship that is distinct from the world surface ocean. The
remaining 148 data points slightly modify the previously established relationship:
δD = 7.45δ18O − 0.60 (6.2)
The data defining this relationship span a salinity range of 29.97 – 39.38. The heavy
end of this relationship is defined by data from the semi-enclosed Mediterranean basin.
Therefore, despite the difference between the local Mediterranean meteoric water line
and the global meteoric water line (GMWL), the surface water mixing relationship does
not deviate from the world surface ocean mixing relationship. This is not the case for
extreme light waters in the Baltic Sea where the surface waters are heavily influenced
by meteoric water input. This has lead to a surface water δ18O:δD relationship with a
lower d -intercept than the world surface ocean. The world ocean surface mixing rela-
tionship, therefore, holds throughout the majority of the global oceanic salinity range.
The regional and seasonal variability in this relationship are relatively small. However,
regional variations appear to exert a greater influence than seasonal variability on the
δ18O:δD relationship.
The robustness of the world surface ocean mixing relationship allows the identification
of watermasses formed outside of the contemporary global hydrological system, because
they will define a δ18O:δD mixing relationship that is different to the contemporary
world surface ocean. Specifically, this application would be useful in the determination
of the Greenland glacial ice meltwater admixture to the EGC/EGCC and WGC. The
glacial ice on Greenland was formed during the last glacial period when the global
climate and hydrological system were different. Currently, mass balance calculations,
using salinity and δ18O values within the EGC/EGCC and WGC use an Arctic meteoric
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water endmember to cover both Arctic meteoric water and Greenland glacial melt. This
is not strictly correct as these watermasses have distinct δ18O signatures and different
geographic distributions. Therefore δD data, or the corresponding deuterium excess (d -
excess) values, represent a third hydrographical tracer that may allow the distinction of
the Greenland glacial ice meltwater from the Arctic meteoric water by making use of
the potential difference in the δ18O:δD relationship.
Using data from the EGC/EGCC, collected in 2004, 2005 and 2008, I tested the idea that
d -excess could be used as a tracer for Greenland glacial meltwater. At the low salinity
end, the 2008 EGC/EGCC d -excess data appear lighter than in the other years, po-
tentially indicating a larger Greenland glacial meltwater admixture to the EGC/EGCC
during this year. However, endmember calculations have shown that while this prelimi-
nary study shows promise, it is highly speculative and further δ18O and δD analysis of
Arctic meteoric water and Greenland glacial water is necessary to fully constrain these
endmember values.
6.3 Implications and Future Work
The work in this thesis emphasizes the value of using stable isotope geochemistry to
assess the freshwater admixture into the watermasses exiting the Arctic. I have shown
the short-term, interannual variations in the Arctic freshwater export via Fram Strait
could have important and far-reaching consequences through the addition of freshwater
into the northern North Atlantic and therefore potentially to areas of deep water for-
mation. The key points of freshwater admixture into the watermasses of the northern
North Atlantic are: the Nordic Seas, the southern tip of Greenland, Davis Strait between
Greenland and Canada and the LC at Newfoundland.
Therefore, in addition to the identification of freshwater sources to the EGC/EGCC,
WGC and LC, oxygen isotope measurements at key locations along the path of these
currents may be used to monitor the variations in the freshwater origin and concentra-
tion, and consequently potential freshwater additions to the northern North Atlantic,
along stream from Fram Strait to Newfoundland. Together with relevant volume trans-
port data, this will allow the assessment of the magnitude and variation of the Arctic
freshwater flux to the general ocean circulation of the northern North Atlantic, giving a
more detailed idea of the climatic impact of the changes occurring in the Arctic basin.
This thesis has also highlighted the potential for the use of hydrogen isotopes as a
tracer for glacial ice in the currents around Greenland. The work presented here is a
preliminary study and more detailed oxygen and hydrogen isotope analyses of the Arctic
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endmembers and the watermasses of the EGC/EGCC and WGC are necessary in order
to establish this method of Greenland glacial ice meltwater detection.
Appendix A
Shipboard Water Sample
Collection
Shipboard salinity measurements and water sample collection on the 2001 RV Meteor
M51-3 survey, the 2004 RRS James Clark Ross JR106b autosub survey and the 2005
RRS Discovery D298 survey are detailed in their respective cruise reports [Hemleben,
2001; Dowdeswell, 2004; Bacon, 2006].
A.1 Salinity measurements on the 2008 RRS Discovery
D332 cruise
Written for the cruise report by Katharine Cox, Esben Madsen, Roz Pidcock, John Allen,
Katie Gowers and Emma Rathbone.
Up and downcast salinity measurements were recoded by a Seabird 911 plus CTD
mounted on the rosette sampler. These measurements were calibrated by on-board anal-
ysis of discrete samples with a Guildline Autosal 8400B salinometer. External precision
of the salinity measurements is better than 0.002 (1σ).
Salinity samples for the onboard calibration were drawn from the Niskin bottles mounted
on the CTD rosette that sampled the surface and bottom waters and several depth levels
in between, where a constant salinity was observed from the CTD. Four to five samples
were taken per CTD cast. A duplicate sample was taken from an intermediate depth at
most stations. Samples were taken using 200 ml glass bottles; these were flushed three
times with the sample and then filled to the shoulder. The bottleneck, plastic insert
and bottle screw cap were wiped dry to prevent salt crystallization before sealing the
bottles.
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Salinity analyses were performed using a Guildline Autosal salinometer (model 8400B,
serial no. 65764), fitted with a peristaltic pump, installed in the controlled temperature
laboratory (maintained at 24 ◦C). According to the manual, the 8400B can operate suc-
cessfully at lab temperatures between 4 ◦C below and 2 ◦C above the bath temperature,
the preferred temperature being in the middle of this range. The bath temperature
was set at 24 ◦C. A thermometer was used to measure the temperature of the constant
temperature (CT) lab, which has not varied throughout the cruise. Salinity samples
were stored in the CT lab for a minimum of 24 hours prior to analysis to allow equilibra-
tion to the lab conditions. The salinometer was calibrated using the IAPSO standard
seawater (batch number P148, 10th October 2006), which has a salinity of 34.993 (K15
= 0.99982). OSILs Autosal software, SoftSal, was used throughout. On multidisci-
plinary cruises this expedites the entry of determined salinities into excel spreadsheets
for merging with instrument data files. The software and the Autosal worked well.
Salinity values were copied in to an Excel spreadsheet, and then transferred to the Unix
system in the form of a tab-delimited ASCII file. Data from the ASCII files were then
incorporated into the sam files using the Pstar script passal. Initial calibrations of both
the thermosalinograph and the SeaBird CTD were made successfully at the end of the
cruise.
The stability of measurements, determined by monitoring the standard deviation of
the salinity measurements, was good. With few exceptions, the bottle samples were
determined to a precision greater than 0.001. Additionally, over the period of the cruise
several duplicates were taken, the mean and standard deviation of these differences
indicated consistent sampling and stability in the measurements.
As mentioned on a number of previous cruises, there are a couple of points worth noting
about using this software however; firstly the software encourages the operator to re-
trim the salinometer after each standardization to the IAPSO standard seawater. This
is almost certainly because the measured salinity standard is not recorded in the output
file (the second point to note), so no post measurement offset can be made. OSILs
latest software (advertised in the IAPSO standard seawater boxes), looks as though it
overcomes this limitation, furthermore, it is designed to be directly compatible with
spreadsheet software like MS Excel. Standard seawater samples were analyzed after
every crate as a quality check.
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A.2 Water sample collection on the 2008 RRS Discovery
D332 cruise
Written for the cruise report by Katharine Cox.
Water samples for δ18O analysis were collected from all 74 CTD stations occupied (ex-
cluding test station 1) at each depth level sampled. 1220 samples were collected in
total. The samples were collected immediately after CFC, CO2 and O2 samples. They
were collected in 28 ml McCartney glass bottles, labeled [D332- station number-niskin
number].
The bottles and caps were flushed three times with the sample, and then filled leaving a
5-10 mm head space to accommodate thermal expansion of the water. After filling, the
bottles were sealed using an aluminium screw cap with a high density rubber seal insert;
to prevent the aluminium caps from loosening, the bottles were then further sealed with
insulation tape. The samples were then stored in the onboard cold store, set to 4 ◦C,
to reduce the risk of evaporation of the samples and minimize thermal expansion. The
water samples were freighted back to the National Oceanography Centre, Southampton,
for analysis.
Appendix B
NOCS Oxygen Isotope Sample
Analysis Procedure
Oxygen isotope analyses at NOCS were performed on a GV Instruments Isoprime dual
inlet mass spectrometer with Multiprep sample preparation system controlled using
IonVantage software on a Windows PC as follows:
• Sample preparation
– Sample bed carries 60 vials.
– Pipette 0.4 ml each sample or standard into individual Labco extainer 3.7 ml
flat bottom vials and secure the sample caps tightly in order to prevent air
leaks.
– Set up samples with three SPIT1 standards at front and back of run with
two blind standards in the middle. Two additional SWS2 standards next to
each set of three SPIT1 standards. 48 spots are left for samples. Samples are
analyzed in duplicate, therefore 24 samples are analyzed on each run. Figure
B.1 shows a typical sample bed layout.
• Machine procedure
– Run peak centre to ensure maximum beam height.
– Check the reference gas level in the reference bellow. Refill if the major beam
reads below 5 nA with the bellows fully open.
– Manually bake water trap with hot air gun under vacuum to extract all the
water condensed here during the previous run. Replace duer and chiller probe.
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SPIT1SPIT1 SWS21 56 1011 1516 2021
SPIT1 SWS212 67 1112 1617 2122
SPIT1SPIT1 23 78 1213 1718 2223
SPIT1 SPIT1SWS2 45 910 1415 1920 24
SPIT1SWS2 34 89 1314 1819 2324
Figure B.1: Schematic of the layout of samples and standards for oxygen isotope
analysis. SPIT1 and SWS2 are the standards and the duplicated samples are laid out
according to the numbering shown.
The machine requires the trap to be at −60 ◦C in order to dry each sample
before it enters the mass spectrometer.
– Place standards/samples in the heated sample block. This is heated to 40 ◦C
– Fill the air space in the vials with CO2 gas: set the multiprep to autofill each
vial, the machine automatically vacuums air out each vial and fills the air
space it with CO2 gas three times.
– Set the machine to leave standard/samples to equilibrate with the CO2 gas
for 8 hours.
– Set the machine to run each standard/sample entering a unique file name
each (the duplicate samples also need unique names), the “DI CO2 analysis
12,12,20” method for the “MS file”, the “Analyse equilibrated CO2” method
for the “Inlet File” and a bottle number in the order that the sample are to
be run (this should just be 1 to 60 if the standards and samples have been
put in the heated sample block in the correct order).
– Simplified machine running process
∗ seal needle against vial septa
∗ vacuum the lines
∗ insert needle into vial and expand sample gas into the water trap
∗ dry sample gas in water trap
∗ expand gas into sample bellow and meanwhile start on next sample
∗ balance the beams from the sample and reference bellows by adjusting
the bellow volume
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∗ measure sample and reference beam ratios alternately in 6 cycles
∗ pump down sample side
• Data calibration
– Drift correct all the data using the front 3 and back 3 SPIT1 samples to
correct for reference gas drift due to fractionation as it passes through the
valves and natural machine drift.
– Shift all the data onto the VSMOW scale using the difference between the
measured SPIT1 value (of the front and back 3 SPIT1 standards) and the
actual SPIT1 value (from direct calibration against VSMOW; see Appendix
C).
– Check for incomplete water equilibration or other possible mass spectrometer
failures using the blind middle SPIT1 and SWS2 standards.
– See Figure B.2 for an example of data from a single machine run before and
after calibration.
– SPIT1 = 0.0755 h; SWS2 = −6.5460 h.
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Figure B.2: Example of a typical run before and after calibration.
Appendix C
Inter-laboratory Calibration
The original NOCS water standard calibrations to the VSMOW scale in 2005 resulted
in the use of a δ18O value for SPIT1 (the main water standard, collected near Calshot
Spit in the Solent) of −0.0375 h. However, subsequent analysis of this standard at the
Stable Isotope Laboratory in UC Davis highlighted that this δ18O value for SPIT1 may
not be accurate, prompting further calibration analyses, summarized below.
• 1st NOCS value = −0.0375 h (02/12/05), calculated using a SMOW-SLAP two-
point calibration — it was later found out that there was incomplete equilibration
on this run and therefore this value for SPIT1 is invalid.
• 2nd NOCS value = +0.0489 h (14/12/05), calculated using a SMOW-SLAP two-
point calibration.
• UC Davis value = −0.063 h (06/08), average of 6 analyses and calculated using
a three-point calibration with UCD in-house standards.
• 3rd NOCS value = +0.075h (15/06/09), SPIT1 measured directly against SMOW
and calculated using a one-point calibration.
• NIGL value = −0.1 h (06/09), average of 2 analyses and calculated using a two-
point calibration with NIGL in-house standards. These standards were calibrated
using a three-point SMOW, SLAP and GISP calibration.
After conversations with Tyler Coplen, concerning the relative merits of using three-,
two- and one-point calibrations, it was decided that as the value of SPIT1 was so close to
SMOW that the most accurate way to calibrate SPIT1 was using a one-point calibration
directly against SMOW.
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Measuring SMOW, SLAP and GISP is good for testing the linearity of the mass spec-
trometer. However the imperfect linearity of these machines means that a regression
line based on all three will not pass through any of them and therefore, will cause inac-
curacies in the calibrated data (see Figure C.1). This has potentially caused the value
of SPIT1 to appear lighter than SMOW when it is actually heavier than SMOW. The
use of a two-point or one-point calibration (if the water is close to one of the standards)
leads to a more accurate calculation of the water δ18O value.
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Figure C.1: Schematic of actual δ18O values vs measured δ18O values of SMOW,
SLAP, GISP and SPIT1. The regression line through SMOW, SLAP and GISP leads
to an apparent measured value for SMOW that is heavier than the actual measured
value therefore measuring SPIT1 with respect to this apparent value results in a negative
δ18O value for SPIT1 when SPIT1 is actually positive with respect to SMOW.
The most recent calibration of SPIT1 at NOCS is the most robust calibration method,
therefore, the new and most accurate δ18O value of SPIT1 is 0.0755 h (N = 7). Con-
sequently, we have pulled the isotope data analyzed at UC Davis onto the NOCS scale
(based on the most recent NOCS calibration), using both labs measurements of SPIT1
and we have shifted the UCD δ18O data by +0.1388 h.
Appendix D
Data Tables
D.1 Oxygen Isotope Data analyzed at NOC, Southampton
Table D.1: East Greenland Current: Station locations, depths, salinity data and
isotopic parameters of the 2004 JR106b water samples from Kangerdlussuaq Fjord,
Denmark Strait and the 2005 D298 and 2008 D332 water samples from Cape Farewell.
Latitude Longitude Water Depth Salinity δ18O Date
(m) (h)
JR106b
67.8753 ◦N −31.5523 ◦E 515.6780 34.7928 0.1053 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 406.3020 34.7226 0.0863 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 305.3920 34.6845 0.0546 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 254.1020 34.6524 0.0346 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 204.1460 34.6324 0.0030 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 153.3955 34.4153 −0.1736 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 102.0780 34.0461 −0.5729 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 77.3000 33.4267 −1.1776 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 52.6690 32.7668 −1.5170 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 27.0100 32.2045 −1.6406 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 16.6560 32.1534 −1.6665 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 11.2760 32.1324 −1.6842 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 6.2420 32.1095 −1.6797 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 1.9345 32.1023 −1.6706 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 504.5870 34.7976 0.1906 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 405.9430 34.7809 0.1872 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 305.0810 34.7204 0.1291 09 Sept 2004
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67.7547 ◦N −31.4402 ◦E 255.3830 34.7074 0.0944 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 204.4430 34.6566 0.0660 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 153.6120 34.7160 0.0275 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 102.7680 34.5132 −0.1438 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 78.4120 34.3124 −0.5702 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 53.1910 33.4362 −0.9306 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 27.0460 33.0802 −1.1548 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 17.361 33.0164 −1.1901 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 12.6735 32.9775 −1.1956 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 6.6815 32.5071 −1.3152 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 2.2040 32.3513 −1.4792 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 533.3380 34.8200 0.2372 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 406.9260 34.7913 0.2054 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 304.4750 34.7770 0.2109 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 254.6080 34.7561 0.1772 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 203.9260 34.6756 0.1497 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 154.1845 34.6028 0.0485 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 102.5925 34.5745 −0.0120 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 77.8545 34.5384 −0.0742 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 51.7820 34.2266 −0.1988 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 26.8010 33.5073 −0.7529 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 16.7110 33.4853 −0.8076 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 11.8320 33.4800 −0.8111 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 6.7810 33.4770 −0.7836 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 1.6660 33.4455 −0.8231 09 Sept 2004
67.2505 ◦N −30.809 ◦E 561.3680 34.8307 0.2368 09 Sept 2004
67.2505 ◦N −30.809 ◦E 509.8720 34.8297 0.2349 09 Sept 2004
67.2505 ◦N −30.809 ◦E 407.4430 34.8000 0.2104 09 Sept 2004
67.2505 ◦N −30.809 ◦E 306.3000 34.7580 0.2065 09 Sept 2004
67.2505 ◦N −30.809 ◦E 255.7110 34.7233 0.1615 09 Sept 2004
67.2505 ◦N −30.809 ◦E 203.6960 34.7525 0.1462 09 Sept 2004
67.2505 ◦N −30.809 ◦E 154.5390 34.6751 0.0738 09 Sept 2004
67.2505 ◦N −30.809 ◦E 103.4800 34.7653 0.0742 09 Sept 2004
67.2505 ◦N −30.809 ◦E 78.9920 35.0587 0.2746 09 Sept 2004
67.2505 ◦N −30.809 ◦E 53.1430 34.9868 0.2122 09 Sept 2004
67.2505 ◦N −30.809 ◦E 27.9890 33.8314 −0.5201 09 Sept 2004
67.2505 ◦N −30.809 ◦E 18.1260 33.7982 −0.5974 09 Sept 2004
67.2505 ◦N −30.809 ◦E 12.8645 33.7620 −0.5801 09 Sept 2004
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67.2505 ◦N −30.809 ◦E 7.6995 33.7431 −0.5974 09 Sept 2004
67.2505 ◦N −30.809 ◦E 2.4930 33.6233 −0.6267 09 Sept 2004
67.0002 ◦N −30.664 ◦E 79.3490 34.8457 0.1368 09 Sept 2004
67.0002 ◦N −30.664 ◦E 52.9830 34.3128 −0.2891 09 Sept 2004
67.0002 ◦N −30.664 ◦E 27.8290 33.8296 −0.5496 09 Sept 2004
67.0002 ◦N −30.664 ◦E 17.5330 33.6112 −0.6910 09 Sept 2004
67.0002 ◦N −30.664 ◦E 13.0130 33.4903 −0.8156 09 Sept 2004
67.0002 ◦N −30.664 ◦E 7.7460 33.4054 −0.8345 09 Sept 2004
67.0002 ◦N −30.664 ◦E 2.6280 33.3595 −0.8722 09 Sept 2004
67.0002 ◦N −30.664 ◦E 509.6020 34.8206 0.2331 09 Sept 2004
67.0002 ◦N −30.664 ◦E 410.8550 34.8005 0.2488 09 Sept 2004
67.0002 ◦N −30.664 ◦E 305.5700 34.7736 0.2430 09 Sept 2004
67.0002 ◦N −30.664 ◦E 255.1090 34.7356 0.1930 09 Sept 2004
67.0002 ◦N −30.664 ◦E 204.3750 34.8243 0.1766 09 Sept 2004
67.0002 ◦N −30.664 ◦E 154.2430 34.6969 0.1081 09 Sept 2004
67.0002 ◦N −30.664 ◦E 103.3530 34.7297 0.0857 09 Sept 2004
66.6682 ◦N −30.6667 ◦E 483.6120 34.8557 0.2467 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 408.7170 34.8417 0.2435 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 307.1335 34.7668 0.2118 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 256.6630 34.7302 0.1622 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 205.6200 34.7500 0.1528 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 155.1200 34.7724 0.1291 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 104.3570 34.8343 0.1293 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 78.4910 34.7704 0.0993 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 53.8930 34.5263 −0.1264 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 28.5880 33.9852 −0.5607 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 18.5170 33.6986 −0.6198 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 13.5135 33.6623 −0.6404 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 8.4950 33.6429 −0.6692 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 3.1420 33.5857 −0.7427 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 430.1020 34.8403 0.2369 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 307.9350 34.7236 0.1475 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 256.6970 34.7721 0.1711 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 205.8940 34.6795 0.1216 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 155.3000 34.6258 0.0607 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 104.2670 34.7348 0.0366 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 79.7300 34.7711 0.0402 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 54.3780 34.3738 −0.2096 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 29.1630 34.0393 −0.4830 10 Sept 2004
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66.3335 ◦N −30.6687 ◦E 18.8130 33.7878 −0.5961 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 14.0670 33.6765 −0.6569 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 8.9335 33.6556 −0.6992 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 3.2930 33.5661 −0.7189 10 Sept 2004
65.998 ◦N −30.6705 ◦E 481.1000 34.8673 0.2552 10 Sept 2004
65.998 ◦N −30.6705 ◦E 408.4890 34.8331 0.2493 10 Sept 2004
65.998 ◦N −30.6705 ◦E 307.1765 34.7139 0.1864 10 Sept 2004
65.998 ◦N −30.6705 ◦E 255.9685 34.7070 0.1587 10 Sept 2004
65.998 ◦N −30.6705 ◦E 205.9380 34.7125 0.1623 10 Sept 2004
65.998 ◦N −30.6705 ◦E 154.4300 34.7026 0.1042 10 Sept 2004
65.998 ◦N −30.6705 ◦E 104.4750 34.6926 0.0800 10 Sept 2004
65.998 ◦N −30.6705 ◦E 79.3330 34.7287 0.0625 10 Sept 2004
65.998 ◦N −30.6705 ◦E 53.8900 34.5187 −0.0823 10 Sept 2004
65.998 ◦N −30.6705 ◦E 28.2105 34.0782 −0.3910 10 Sept 2004
65.998 ◦N −30.6705 ◦E 18.5610 33.7680 −0.6586 10 Sept 2004
65.998 ◦N −30.6705 ◦E 13.8770 33.4152 −0.7871 10 Sept 2004
65.998 ◦N −30.6705 ◦E 8.7700 33.2957 −0.8169 10 Sept 2004
65.998 ◦N −30.6705 ◦E 3.7160 33.2430 −0.8191 10 Sept 2004
65.665 ◦N −30.6547 ◦E 405.5210 34.8453 0.2407 10 Sept 2004
65.665 ◦N −30.6547 ◦E 305.6030 34.9247 0.2487 10 Sept 2004
65.665 ◦N −30.6547 ◦E 254.5375 34.9975 0.2725 10 Sept 2004
65.665 ◦N −30.6547 ◦E 203.9990 34.9974 0.2434 10 Sept 2004
65.665 ◦N −30.6547 ◦E 153.6320 34.8732 0.1278 10 Sept 2004
65.665 ◦N −30.6547 ◦E 102.5190 34.7635 0.0641 10 Sept 2004
65.665 ◦N −30.6547 ◦E 78.0075 34.6865 −0.1009 10 Sept 2004
65.665 ◦N −30.6547 ◦E 53.2100 34.7891 0.0461 10 Sept 2004
65.665 ◦N −30.6547 ◦E 27.4690 34.8485 0.0732 10 Sept 2004
65.665 ◦N −30.6547 ◦E 17.7270 34.8042 0.0824 10 Sept 2004
65.665 ◦N −30.6547 ◦E 13.0770 34.7707 0.0198 10 Sept 2004
65.665 ◦N −30.6547 ◦E 7.5930 34.7449 0.0335 10 Sept 2004
65.665 ◦N −30.6547 ◦E 2.2240 34.7290 0.0249 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 509.6435 35.0389 0.2496 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 408.7180 35.0577 0.2567 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 307.0350 35.0879 0.2715 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 256.8270 35.1094 0.2757 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 205.9810 35.1312 0.3094 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 156.1930 35.1482 0.3119 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 104.1380 35.1712 0.3228 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 80.6610 35.1649 0.3175 10 Sept 2004
Appendix D. Data Tables 120
65.3267 ◦N −30.6573 ◦E 54.5740 35.1423 0.3149 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 29.2400 35.0374 0.2573 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 19.1855 35.0346 0.2421 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 15.2855 35.0325 0.2461 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 9.4010 35.0322 0.2726 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 6.9580 35.0313 0.2763 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 507.8530 35.0778 0.2949 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 407.1950 35.0884 0.2965 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 305.4310 35.1356 0.3173 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 255.3780 35.1296 0.3364 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 204.7590 35.1667 0.3460 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 154.0460 35.1647 0.3432 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 103.2555 35.1692 0.3544 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 78.3820 35.1644 0.3301 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 52.5310 35.0673 0.2826 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 27.7490 35.0438 0.2926 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 17.6310 35.0427 0.2597 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 13.0010 35.0424 0.2840 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 7.4560 35.0424 0.2673 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 3.1975 35.0423 0.2716 10 Sept 2004
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59.9615 ◦N −43.1282 ◦E 190.7301 34.1878 −0.0616 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 182.3073 34.1668 −0.0711 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 172.2703 34.1071 −0.0929 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 162.2977 34.1055 −0.0982 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 152.1746 34.0727 −0.0992 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 141.9704 34.0782 −0.1154 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 121.6124 33.7465 −0.2296 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 111.4057 33.4975 −0.3648 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 101.3048 33.0362 −0.5063 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 91.0393 32.8084 −0.6596 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 80.9439 32.6137 −0.841 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 70.7017 32.1734 −1.0284 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 50.2759 31.3268 −1.3331 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 40.4864 31.2366 −1.2604 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 40.4667 31.2358 −1.323 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 25.4967 30.6775 −1.4811 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 25.4875 30.6772 −1.5009 18 Sept 2005
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59.9615 ◦N −43.1282 ◦E 10.4862 30.2914 −1.8264 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 3.4902 30.0575 −1.7997 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 3.4865 30.0692 −1.6712 18 Sept 2005
59.9628 ◦N −43.1102 ◦E 152.7449 33.8578 −0.2168 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 152.6062 33.8516 −0.2668 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 132.2876 33.5729 −0.4087 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 122.2326 33.5496 −0.2825 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 122.2326 33.5496 −0.3771 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 101.906 33.0172 −0.6054 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 76.7213 32.4277 −0.8171 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 51.158 31.8382 −1.0367 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 41.553 31.0496 −1.3197 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 25.7849 30.2516 −1.6704 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 11.1241 30.1374 −1.7513 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 4.2542 30.0552 −1.8013 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 4.2265 30.0503 −1.8133 7 Sept 2005
59.8992 ◦N −43.033 ◦E 163.4971 34.3646 0.0747 7 Sept 2005
59.8992 ◦N −43.033 ◦E 143.316 33.9262 −0.1928 7 Sept 2005
59.8992 ◦N −43.033 ◦E 123.0954 33.6912 −0.2616 7 Sept 2005
59.8992 ◦N −43.033 ◦E 113.1453 33.633 −0.2886 7 Sept 2005
59.8992 ◦N −43.033 ◦E 102.9722 33.2847 −0.447 7 Sept 2005
59.8992 ◦N −43.033 ◦E 93.0221 33.1718 −0.5289 7 Sept 2005
59.8992 ◦N −43.033 ◦E 72.8753 32.4807 −0.7565 7 Sept 2005
59.8992 ◦N −43.033 ◦E 52.4277 31.861 −1.0152 7 Sept 2005
59.8992 ◦N −43.033 ◦E 42.4883 31.4224 −1.1982 7 Sept 2005
59.8992 ◦N −43.033 ◦E 27.267 30.9197 −1.4062 7 Sept 2005
59.8992 ◦N −43.033 ◦E 12.2805 29.9837 −1.7251 7 Sept 2005
59.8992 ◦N −43.033 ◦E 5.2143 29.9725 −1.8495 7 Sept 2005
59.9317 ◦N −42.9688 ◦E 177.4071 34.7327 0.2417 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 172.6565 34.7312 0.2382 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 162.5213 34.6868 0.2033 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 152.7692 34.5873 0.1723 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 142.6447 34.5995 0.165 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 132.3089 34.4172 0.0692 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 122.3179 34.0076 −0.128 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 112.1078 33.8595 −0.2248 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 102.2342 33.7177 −0.2797 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 91.9028 33.6146 −0.334 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 81.6639 33.365 −0.479 18 Sept 2005
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59.9317 ◦N −42.9688 ◦E 81.6639 33.365 −0.4771 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 71.5017 33.1223 −0.5666 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 61.303 32.6524 −0.7899 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 51.3752 32.2845 −0.943 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 40.9349 31.9917 −1.0819 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 25.9723 31.2691 −1.2921 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 10.6466 30.604 −1.4891 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 2.4969 30.059 −1.8163 18 Sept 2005
59.8787 ◦N −42.8542 ◦E 180.1257 34.4048 −0.0766 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 179.7892 34.405 −0.0962 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 172.5184 34.4052 −0.0525 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 164.1474 34.4054 −0.0353 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 153.5696 34.4759 0.0122 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 153.5531 34.4738 0.0149 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 143.8615 34.5059 −0.0142 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 133.9563 34.4772 0.0248 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 117.0759 34.1952 −0.1146 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 93.7513 33.7379 −0.3517 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 73.5905 32.8296 −0.7636 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 53.4868 32.4236 −0.9448 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 43.3925 32.3623 −0.938 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 27.9818 32.0418 −1.0833 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 13.0994 31.2919 −1.2576 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 13.067 31.291 −1.2971 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 5.0348 30.2314 −1.782 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 182.0052 34.5186 0.1155 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 181.8349 34.5193 0.1031 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 172.9555 34.5181 0.1065 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 150.7485 34.5225 0.118 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 136.8244 34.523 0.1157 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 122.7458 34.5576 0.1466 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 102.9749 34.459 0.0867 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 92.2684 34.2092 −0.043 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 72.3438 34.1077 −0.083 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 51.9701 34.0479 −0.1152 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 41.9926 34.0071 −0.14 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 27.025 33.8418 −0.2021 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 11.679 31.4872 −1.1331 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 3.3405 31.3978 −1.2336 7 Sept 2005
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59.8068 ◦N −42.6585 ◦E 3.2783 31.3993 −1.2428 7 Sept 2005
59.8373 ◦N −42.6468 ◦E 190.9256 34.5808 0.1001 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 178.3221 34.5651 0.1462 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 166.171 34.6806 0.1704 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 137.9297 34.635 0.202 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 122.763 34.5587 0.1176 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 107.7608 34.4564 0.0305 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 82.2323 33.9452 −0.208 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 62.2088 33.5451 −0.398 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 47.0217 33.3785 −0.4679 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 22.0194 32.3659 −0.9002 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 11.8779 32.0335 −1.0194 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 2.103 31.4465 −1.1698 19 Sept 2005
59.7792 ◦N −42.3675 ◦E 534.1613 34.9367 0.2789 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 403.3467 34.9342 0.2673 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 323.6951 34.9286 0.2749 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 284.5106 34.9253 0.2619 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 244.4382 34.7915 0.1958 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 203.8744 34.7184 0.1578 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 162.9129 34.626 0.0774 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 102.9538 34.4782 0.019 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 77.5722 34.5374 0.0495 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 52.2187 34.8952 0.2477 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 36.9884 34.8986 0.177 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 21.4337 34.8982 0.1436 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 11.8621 34.8983 0.1515 7 Sept 2005
59.7792 ◦N −42.3675 ◦E 6.1416 34.8978 0.165 7 Sept 2005
59.7695 ◦N −42.3128 ◦E 508.6817 34.9476 0.1425 6 Sept 2005
59.7695 ◦N −42.3128 ◦E 407.775 34.9499 0.1871 6 Sept 2005
59.7695 ◦N −42.3128 ◦E 407.4434 34.9515 0.2211 6 Sept 2005
59.7695 ◦N −42.3128 ◦E 345.5235 34.8907 0.1701 6 Sept 2005
59.7695 ◦N −42.3128 ◦E 305.6026 34.9105 0.2008 6 Sept 2005
59.7695 ◦N −42.3128 ◦E 225.5483 34.8927 0.2049 6 Sept 2005
59.7695 ◦N −42.3128 ◦E 204.9127 34.932 0.2446 6 Sept 2005
59.7695 ◦N −42.3128 ◦E 164.145 34.9361 0.2374 6 Sept 2005
59.7695 ◦N −42.3128 ◦E 104.364 34.5569 0.0211 6 Sept 2005
59.7695 ◦N −42.3128 ◦E 89.6135 34.5517 0.0199 6 Sept 2005
59.7695 ◦N −42.3128 ◦E 53.4242 34.8791 0.2231 6 Sept 2005
59.7695 ◦N −42.3128 ◦E 29.0543 34.9027 0.2614 6 Sept 2005
Appendix D. Data Tables 124
59.7695 ◦N −42.3128 ◦E 13.2872 34.8999 0.1377 6 Sept 2005
59.7695 ◦N −42.3128 ◦E 8.2122 34.8941 0.2628 6 Sept 2005
59.716 ◦N −42.2258 ◦E 506.827 34.9948 0.3147 6 Sept 2005
59.716 ◦N −42.2258 ◦E 354.8422 35.0524 0.3467 6 Sept 2005
59.716 ◦N −42.2258 ◦E 251.4483 35.0855 0.3223 6 Sept 2005
59.716 ◦N −42.2258 ◦E 251.4483 35.0855 0.3495 6 Sept 2005
59.716 ◦N −42.2258 ◦E 200.386 34.9024 0.286 6 Sept 2005
59.716 ◦N −42.2258 ◦E 161.787 34.8293 0.2019 6 Sept 2005
59.716 ◦N −42.2258 ◦E 161.787 34.8293 0.1924 6 Sept 2005
59.716 ◦N −42.2258 ◦E 101.9966 34.9226 0.2547 6 Sept 2005
59.716 ◦N −42.2258 ◦E 66.1883 34.9754 0.3047 6 Sept 2005
59.716 ◦N −42.2258 ◦E 51.5824 34.9682 0.3018 6 Sept 2005
59.716 ◦N −42.2258 ◦E 25.0534 34.9239 0.3163 6 Sept 2005
59.716 ◦N −42.2258 ◦E 10.6916 34.9219 0.2811 6 Sept 2005
59.716 ◦N −42.2258 ◦E 6.2515 34.9221 0.2654 6 Sept 2005
59.6658 ◦N −41.9917 ◦E 505.6288 34.9696 0.3235 6 Sept 2005
59.6658 ◦N −41.9917 ◦E 455.9439 34.984 0.2458 6 Sept 2005
59.6658 ◦N −41.9917 ◦E 404.0473 35.0023 0.2406 6 Sept 2005
59.6658 ◦N −41.9917 ◦E 302.5252 35.0611 0.2641 6 Sept 2005
59.6658 ◦N −41.9917 ◦E 212.3069 35.0837 0.3318 6 Sept 2005
59.6658 ◦N −41.9917 ◦E 192.7781 35.0842 0.3344 6 Sept 2005
59.6658 ◦N −41.9917 ◦E 101.4087 35.0626 0.3184 6 Sept 2005
59.6658 ◦N −41.9917 ◦E 50.8534 34.9699 0.3067 6 Sept 2005
59.6658 ◦N −41.9917 ◦E 25.7815 34.9361 0.2522 6 Sept 2005
59.6658 ◦N −41.9917 ◦E 10.4865 34.9351 0.2804 6 Sept 2005
59.6658 ◦N −41.9917 ◦E 5.7641 34.9353 0.2791 6 Sept 2005
59.6 ◦N −41.7833 ◦E 404.7738 34.9892 0.2765 6 Sept 2005
59.6 ◦N −41.7833 ◦E 272.4037 35.0431 0.3919 6 Sept 2005
59.6 ◦N −41.7833 ◦E 202.0154 35.0593 0.3312 6 Sept 2005
59.6 ◦N −41.7833 ◦E 162.0151 35.0849 0.36 6 Sept 2005
59.6 ◦N −41.7833 ◦E 101.5755 35.0723 0.2861 6 Sept 2005
59.6 ◦N −41.7833 ◦E 50.978 35.0092 0.1769 6 Sept 2005
59.6 ◦N −41.7833 ◦E 25.7574 34.9474 0.1717 6 Sept 2005
59.6 ◦N −41.7833 ◦E 10.0224 34.8739 0.1572 6 Sept 2005
59.6 ◦N −41.7833 ◦E 5.038 34.8697 0.1875 6 Sept 2005
59.4743 ◦N −41.4398 ◦E 503.0324 34.9178 0.2571 5 Sept 2005
59.4743 ◦N −41.4398 ◦E 354.4922 34.9472 0.2678 5 Sept 2005
59.4743 ◦N −41.4398 ◦E 202.0364 34.9623 0.2831 5 Sept 2005
59.4743 ◦N −41.4398 ◦E 181.968 34.9749 0.2801 5 Sept 2005
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59.4743 ◦N −41.4398 ◦E 101.8741 35.0123 0.2922 5 Sept 2005
59.4743 ◦N −41.4398 ◦E 51.0241 34.8997 0.222 5 Sept 2005
59.4743 ◦N −41.4398 ◦E 25.6237 34.8712 0.218 5 Sept 2005
59.4743 ◦N −41.4398 ◦E 10.6319 34.8674 0.2391 5 Sept 2005
59.4743 ◦N −41.4398 ◦E 5.6129 34.8681 0.2353 5 Sept 2005
59.3801 ◦N −41.1011 ◦E 506.6309 34.9368 0.3496 3 Sept 2005
59.3801 ◦N −41.1011 ◦E 354.7105 34.9696 0.2975 3 Sept 2005
59.3801 ◦N −41.1011 ◦E 202.7696 35.0104 0.3067 3 Sept 2005
59.3801 ◦N −41.1011 ◦E 102.2487 35.0419 0.3323 3 Sept 2005
59.3801 ◦N −41.1011 ◦E 11.1469 34.9098 0.2534 3 Sept 2005
59.2535 ◦N −40.7507 ◦E 404.2145 34.9076 0.3828 3 Sept 2005
59.2535 ◦N −40.7507 ◦E 303.6624 34.9143 0.3808 3 Sept 2005
59.2535 ◦N −40.7507 ◦E 203.0056 34.9179 0.3365 3 Sept 2005
59.2535 ◦N −40.7507 ◦E 102.0729 34.8734 0.3263 3 Sept 2005
59.2535 ◦N −40.7507 ◦E 51.2726 34.85 0.3 3 Sept 2005
59.2535 ◦N −40.7507 ◦E 26.1579 34.8691 0.264 3 Sept 2005
59.2535 ◦N −40.7507 ◦E 10.8354 34.864 0.302 3 Sept 2005
59.2535 ◦N −40.7507 ◦E 5.8534 34.8635 0.3244 3 Sept 2005
59.059 ◦N −40.1345 ◦E 305.1154 34.9177 0.3284 3 Sept 2005
59.059 ◦N −40.1345 ◦E 193.9273 34.9474 0.3462 3 Sept 2005
59.059 ◦N −40.1345 ◦E 103.3048 34.935 0.3311 3 Sept 2005
59.059 ◦N −40.1345 ◦E 52.7681 34.7914 0.2651 3 Sept 2005
59.059 ◦N −40.1345 ◦E 27.1092 34.7906 0.2549 3 Sept 2005
59.059 ◦N −40.1345 ◦E 11.9091 34.7895 0.2237 3 Sept 2005
59.059 ◦N −40.1345 ◦E 7.0477 34.7885 0.2538 3 Sept 2005
59.8068 ◦N − 42.6585 ◦E 112.9262 34.5814 0.1493 7 Sept 2005
D332
59.9555 ◦N −43.1165 ◦E 141.4984 33.9067 −0.4588 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 126.1862 33.7558 −0.5939 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 102.1375 33.4146 −0.848 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 78.1335 33.0695 −1.1089 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 54.1464 32.7882 −1.3121 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 33.9599 32.2714 −1.5672 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 23.5163 31.6125 −1.8151 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 8.3415 30.6978 −2.2801 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 155.0667 34.5338 −0.0412 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 145.8806 34.4395 −0.0519 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 130.5736 34.4221 −0.0812 8 Sept 2008
Appendix D. Data Tables 126
59.9677 ◦N −42.8389 ◦E 104.9346 34.3601 −0.1065 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 78.8287 34.1957 −0.2177 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 54.4942 34.1671 −0.2712 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 34.3094 34.0879 −0.3475 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 24.0375 34.078 −0.3203 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 8.8405 33.0902 −0.9959 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 155.8995 34.4145 −0.0747 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 128.5938 34.2837 −0.1619 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 105.3182 34.1545 −0.2324 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 79.168 34.0164 −0.3948 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 54.3013 33.8655 −0.4493 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 34.0614 33.6161 −0.682 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 23.6265 33.5184 −0.762 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 8.6324 33.1496 −0.9755 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 458.177 34.9384 0.2906 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 407.5579 34.9403 0.2861 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 356.7531 34.951 0.2897 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 305.9292 34.9478 0.2879 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 255.144 34.9006 0.293 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 204.2159 34.8712 0.2533 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 153.5364 34.8716 0.2576 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 102.8038 34.8983 0.2303 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 77.4853 34.7817 0.1644 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 52.188 34.7379 0.1187 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 26.846 34.5846 0.0299 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 6.5347 34.5356 −0.0215 8 Sept 2008
59.9532 ◦N −42.1056 ◦E 394.8104 34.9683 0.308 8 Sept 2008
59.9532 ◦N −42.1056 ◦E 204.301 34.8786 0.2574 8 Sept 2008
59.9532 ◦N −42.1056 ◦E 102.9076 34.8666 0.2198 8 Sept 2008
59.9532 ◦N −42.1056 ◦E 52.2588 34.8455 0.1975 8 Sept 2008
59.9532 ◦N −42.1056 ◦E 6.7328 34.6768 0.0633 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 408.4242 34.9544 0.29 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 307.58 34.9354 0.2854 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 256.9284 34.8803 0.2363 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 206.0598 34.8702 0.2321 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 155.0658 34.9089 0.2599 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 124.8751 34.9424 0.2677 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 94.4555 34.93 0.2611 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 79.2555 34.8695 0.2315 8 Sept 2008
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59.9422 ◦N −42.0588 ◦E 53.9527 34.8338 0.2032 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 43.8499 34.8175 0.164 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 30.5659 34.7833 0.1507 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 18.4797 34.84 0.1839 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 8.2702 34.9064 0.2098 8 Sept 2008
59.9172 ◦N −41.8775 ◦E 512.5801 35.005 0.3103 9 Sept 2008
59.9172 ◦N −41.8775 ◦E 410.4041 35.0326 0.3198 9 Sept 2008
59.9172 ◦N −41.8775 ◦E 309.1723 35.0653 0.3408 9 Sept 2008
59.9172 ◦N −41.8775 ◦E 258.7333 35.0907 0.3327 9 Sept 2008
59.9172 ◦N −41.8775 ◦E 207.9177 35.1162 0.357 9 Sept 2008
59.9172 ◦N −41.8775 ◦E 157.1613 35.1439 0.4042 9 Sept 2008
59.9172 ◦N −41.8775 ◦E 106.8194 35.089 0.295 9 Sept 2008
59.9172 ◦N −41.8775 ◦E 56.2881 35.0393 0.2843 9 Sept 2008
59.9172 ◦N −41.8775 ◦E 26.0686 35.0114 0.2852 9 Sept 2008
59.9172 ◦N −41.8775 ◦E 7.6474 35.0207 0.2832 9 Sept 2008
59.8957 ◦N −41.5227 ◦E 509.6448 34.9819 0.2874 9 Sept 2008
59.8957 ◦N −41.5227 ◦E 408.118 35.0049 0.3163 9 Sept 2008
59.8957 ◦N −41.5227 ◦E 306.6995 35.0479 0.3203 9 Sept 2008
59.8957 ◦N −41.5227 ◦E 205.1935 35.0954 0.3876 9 Sept 2008
59.8957 ◦N −41.5227 ◦E 154.471 35.1073 0.3607 9 Sept 2008
59.8957 ◦N −41.5227 ◦E 103.6007 35.0842 0.3462 9 Sept 2008
59.8957 ◦N −41.5227 ◦E 77.9082 35.074 0.3371 9 Sept 2008
59.8957 ◦N −41.5227 ◦E 52.848 35.0434 0.3118 9 Sept 2008
59.8957 ◦N −41.5227 ◦E 22.6077 35.0393 0.3211 9 Sept 2008
59.8957 ◦N −41.5227 ◦E 7.4829 35.0391 0.3149 9 Sept 2008
59.8957 ◦N −41.5227 ◦E 7.4409 35.0391 0.2881 9 Sept 2008
59.8653 ◦N −41.2133 ◦E 409.8395 35.0033 0.3125 9 Sept 2008
59.8653 ◦N −41.2133 ◦E 307.9854 35.0296 0.3381 9 Sept 2008
59.8653 ◦N −41.2133 ◦E 206.4988 35.066 0.3546 9 Sept 2008
59.8653 ◦N −41.2133 ◦E 105.2252 35.0973 0.364 9 Sept 2008
59.8653 ◦N −41.2133 ◦E 79.8348 35.0846 0.3609 9 Sept 2008
59.8653 ◦N −41.2133 ◦E 54.7403 35.0784 0.3604 9 Sept 2008
59.8653 ◦N −41.2133 ◦E 24.1902 35.0382 0.3051 9 Sept 2008
59.8653 ◦N −41.2133 ◦E 9.142 35.0224 0.301 9 Sept 2008
59.8653 ◦N −41.2133 ◦E 9.1019 35.0225 0.327 9 Sept 2008
59.8198 ◦N −40.7669 ◦E 409.6743 34.9624 0.2992 6 Sept 2008
59.8198 ◦N −40.7669 ◦E 206.2624 35.0315 0.344 6 Sept 2008
59.8198 ◦N −40.7669 ◦E 54.1012 35.0242 0.3312 6 Sept 2008
59.7667 ◦N −40.2172 ◦E 412.4455 34.9472 0.2758 6 Sept 2008
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59.7667 ◦N −40.2172 ◦E 209.0344 35.0183 0.331 6 Sept 2008
59.7667 ◦N −40.2172 ◦E 107.4656 35.0401 0.3477 6 Sept 2008
59.7667 ◦N −40.2172 ◦E 56.7749 35.0515 0.3217 6 Sept 2008
59.7667 ◦N −40.2172 ◦E 41.6793 35.0316 0.3202 6 Sept 2008
59.7667 ◦N −40.2172 ◦E 16.2045 34.9078 0.2587 6 Sept 2008
59.6825 ◦N −39.374 ◦E 412.3594 34.9172 0.2572 5 Sept 2008
59.6825 ◦N −39.374 ◦E 209.117 34.9703 0.2785 5 Sept 2008
59.6825 ◦N −39.374 ◦E 107.7096 34.9371 0.2647 5 Sept 2008
59.6825 ◦N −39.374 ◦E 67.0242 34.9216 0.2696 5 Sept 2008
59.6825 ◦N −39.374 ◦E 40.4461 34.8856 0.2479 5 Sept 2008
59.6825 ◦N −39.374 ◦E 9.6929 34.8808 0.2466 5 Sept 2008
59.6094 ◦N −38.5961 ◦E 410.6609 34.8962 0.2241 5 Sept 2008
59.6094 ◦N −38.5961 ◦E 207.7041 34.8756 0.233 5 Sept 2008
59.6094 ◦N −38.5961 ◦E 106.1184 34.8533 0.2079 5 Sept 2008
59.6094 ◦N −38.5961 ◦E 55.3258 34.8412 0.207 5 Sept 2008
59.6094 ◦N −38.5961 ◦E 24.954 34.848 0.2081 5 Sept 2008
59.6094 ◦N −38.5961 ◦E 9.8199 34.8469 0.2012 5 Sept 2008
59.4699 ◦N −37.7478 ◦E 512.7769 34.945 0.2785 5 Sept 2008
59.4699 ◦N −37.7478 ◦E 412.533 34.9155 0.2625 5 Sept 2008
59.4699 ◦N −37.7478 ◦E 311.0533 34.9106 0.2398 5 Sept 2008
59.4699 ◦N −37.7478 ◦E 209.0724 34.9024 0.257 5 Sept 2008
59.4699 ◦N −37.7478 ◦E 107.6369 34.8954 0.2619 5 Sept 2008
59.4699 ◦N −37.7478 ◦E 56.9626 34.8983 0.2741 5 Sept 2008
59.4699 ◦N −37.7478 ◦E 26.4527 34.896 0.253 5 Sept 2008
59.4699 ◦N −37.7478 ◦E 8.8102 34.8984 0.2244 5 Sept 2008
Table D.2: West Greenland Current: Station locations, depths, salinity data and
isotopic parameters of the 2005 D298 and 2008 D332 water samples from Cape Farewell.
Latitude Longitude Water Depth Salinity δ18O Date
(m) (h)
D298
59.927467 ◦N −44.6997 ◦E 110.7177 32.9325 −0.6291 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 110.7353 32.9333 −0.6139 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 100.4605 32.7815 −0.7091 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 90.0195 32.5651 −0.7801 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 79.7699 32.3245 −0.8657 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 69.7967 32.2096 −0.9444 12 Sept 2005
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59.927467 ◦N −44.6997 ◦E 59.5421 32.005 −1.0515 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 48.8921 31.6065 −1.1576 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 39.3022 31.4023 −1.243 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 29.0038 31.0595 −1.3825 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 24.2417 30.7107 −1.5071 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 13.7837 30.513 −1.6187 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 8.8433 30.4315 −1.6966 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 8.8341 30.4306 −1.688 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 1.4901 30.4133 −1.6527 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 1.4222 30.4126 −1.707 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 1.3263 30.4115 −1.7182 12 Sept 2005
59.927467 ◦N −44.6997 ◦E 1.2858 30.4106 −1.7528 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 112.5037 34.5567 0.1447 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 122.0853 34.5558 0.1356 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 102.5297 34.5598 0.1639 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 92.4356 34.5564 0.1084 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 82.2569 34.1879 −0.1035 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 82.319 34.1859 −0.0272 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 72.3807 33.8761 −0.1812 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 72.211 33.8662 −0.1717 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 62.0351 33.6235 −0.3337 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 62.0045 33.6212 −0.3116 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 52.0262 33.4553 −0.4146 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 51.9749 33.453 −0.3835 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 42.0239 33.4039 −0.3999 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 42.056 33.404 −0.4263 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 31.9918 33.3235 −0.4878 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 21.8917 33.09 −0.5605 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 11.8209 32.7958 −0.6874 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 11.7955 32.7743 −0.7226 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 3.8178 32.0109 −1.0093 12 Sept 2005
59.741833 ◦N −45.142667 ◦E 3.8349 32.0205 −1.0307 12 Sept 2005
59.502 ◦N −45.619333 ◦E 486.0965 34.9788 0.3037 12 Sept 2005
59.502 ◦N −45.619333 ◦E 484.7177 34.9773 0.3077 12 Sept 2005
59.502 ◦N −45.619333 ◦E 456.1271 34.974 0.3271 12 Sept 2005
59.502 ◦N −45.619333 ◦E 405.791 34.9821 0.3135 12 Sept 2005
59.502 ◦N −45.619333 ◦E 355.4799 35.0027 0.3425 12 Sept 2005
59.502 ◦N −45.619333 ◦E 303.3865 34.9717 0.3658 12 Sept 2005
59.502 ◦N −45.619333 ◦E 232.8617 35.0877 0.4189 12 Sept 2005
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59.502 ◦N −45.619333 ◦E 202.5615 35.091 0.4247 12 Sept 2005
59.502 ◦N −45.619333 ◦E 202.6267 35.0912 0.3976 12 Sept 2005
59.502 ◦N −45.619333 ◦E 151.2582 35.0809 0.4026 12 Sept 2005
59.502 ◦N −45.619333 ◦E 151.2268 35.0805 0.4213 12 Sept 2005
59.502 ◦N −45.619333 ◦E 101.9677 34.8216 0.2959 12 Sept 2005
59.502 ◦N −45.619333 ◦E 76.8941 34.7489 0.2216 12 Sept 2005
59.502 ◦N −45.619333 ◦E 61.7415 34.7997 0.2541 12 Sept 2005
59.502 ◦N −45.619333 ◦E 51.7904 34.7993 0.2686 12 Sept 2005
59.502 ◦N −45.619333 ◦E 25.984 34.2969 −0.1457 12 Sept 2005
59.502 ◦N −45.619333 ◦E 11.2439 34.0204 −0.2772 12 Sept 2005
59.502 ◦N −45.619333 ◦E 11.3981 34.0195 −0.2678 12 Sept 2005
59.502 ◦N −45.619333 ◦E 3.3848 33.2966 −0.5698 12 Sept 2005
59.502 ◦N −45.619333 ◦E 3.3662 33.2933 −0.5853 12 Sept 2005
59.465667 ◦N −45.646333 ◦E 505.5114 34.9503 0.3085 13 Sept 2005
59.465667 ◦N −45.646333 ◦E 405.6595 34.948 0.4016 13 Sept 2005
59.465667 ◦N −45.646333 ◦E 354.2266 34.9554 0.295 13 Sept 2005
59.465667 ◦N −45.646333 ◦E 303.2899 34.9446 0.3417 13 Sept 2005
59.465667 ◦N −45.646333 ◦E 201.2615 35.0162 0.3369 13 Sept 2005
59.465667 ◦N −45.646333 ◦E 101.2624 35.0621 0.4374 13 Sept 2005
59.465667 ◦N −45.646333 ◦E 50.517 34.9393 0.376 13 Sept 2005
59.465667 ◦N −45.646333 ◦E 25.0262 34.9158 0.2957 13 Sept 2005
59.465667 ◦N −45.646333 ◦E 10.5898 34.8955 0.2507 13 Sept 2005
59.465667 ◦N −45.646333 ◦E 2.2369 34.8723 0.2205 13 Sept 2005
59.434167 ◦N −45.669833 ◦E 502.838 34.9774 0.3055 13 Sept 2005
59.434167 ◦N −45.669833 ◦E 401.9757 34.9516 0.2917 13 Sept 2005
59.434167 ◦N −45.669833 ◦E 302.3736 35.0093 0.3224 13 Sept 2005
59.434167 ◦N −45.669833 ◦E 200.455 35.076 0.3814 13 Sept 2005
59.434167 ◦N −45.669833 ◦E 101.4608 35.0809 0.3727 13 Sept 2005
59.434167 ◦N −45.669833 ◦E 76.2988 35.0532 0.3608 13 Sept 2005
59.434167 ◦N −45.669833 ◦E 50.7086 34.9991 0.3327 13 Sept 2005
59.434167 ◦N −45.669833 ◦E 25.9274 34.9329 0.28 13 Sept 2005
59.434167 ◦N −45.669833 ◦E 11.1306 34.9333 0.2868 13 Sept 2005
59.434167 ◦N −45.669833 ◦E 1.7703 34.9333 0.2886 13 Sept 2005
59.384833 ◦N −45.668333 ◦E 504.7801 34.9515 0.3303 13 Sept 2005
59.384833 ◦N −45.668333 ◦E 403.5455 34.9819 0.3134 13 Sept 2005
59.384833 ◦N −45.668333 ◦E 302.7906 35.0038 0.3648 13 Sept 2005
59.384833 ◦N −45.668333 ◦E 201.8043 35.039 0.3754 13 Sept 2005
59.384833 ◦N −45.668333 ◦E 181.533 35.0291 0.37 13 Sept 2005
59.384833 ◦N −45.668333 ◦E 101.0126 35.0544 0.3893 13 Sept 2005
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59.384833 ◦N −45.668333 ◦E 80.3362 34.9958 0.3651 13 Sept 2005
59.384833 ◦N −45.668333 ◦E 50.6055 34.9141 0.3304 13 Sept 2005
59.384833 ◦N −45.668333 ◦E 24.9406 34.9098 0.3107 13 Sept 2005
59.384833 ◦N −45.668333 ◦E 10.0337 34.9085 0.3035 13 Sept 2005
59.384833 ◦N −45.668333 ◦E 1.816 34.9072 0.3531 13 Sept 2005
59.067233 ◦N −46.082883 ◦E 406.8123 34.9757 0.3634 13 Sept 2005
59.067233 ◦N −46.082883 ◦E 204.431 35.0431 0.3988 13 Sept 2005
59.067233 ◦N −46.082883 ◦E 103.7006 35.072 0.43 13 Sept 2005
59.067233 ◦N −46.082883 ◦E 52.5146 34.9378 0.329 13 Sept 2005
59.067233 ◦N −46.082883 ◦E 42.784 34.9304 0.3379 13 Sept 2005
59.067233 ◦N −46.082883 ◦E 27.5703 34.9068 0.3134 13 Sept 2005
59.067233 ◦N −46.082883 ◦E 12.4556 34.896 0.3101 13 Sept 2005
59.067233 ◦N −46.082883 ◦E 7.3037 34.8961 0.327 13 Sept 2005
58.877833 ◦N −46.723017 ◦E 505.3785 34.8872 0.2567 13 Sept 2005
58.877833 ◦N −46.723017 ◦E 354.9669 34.8033 0.2013 13 Sept 2005
58.877833 ◦N −46.723017 ◦E 204.1806 34.8099 0.2061 13 Sept 2005
58.877833 ◦N −46.723017 ◦E 103.153 34.8121 0.2248 13 Sept 2005
58.877833 ◦N −46.723017 ◦E 77.6724 34.7838 0.1817 13 Sept 2005
58.877833 ◦N −46.723017 ◦E 52.7976 34.6869 0.1612 13 Sept 2005
58.877833 ◦N −46.723017 ◦E 37.5774 34.6542 0.1561 13 Sept 2005
58.877833 ◦N −46.723017 ◦E 27.31 34.645 0.1292 13 Sept 2005
58.877833 ◦N −46.723017 ◦E 12.3053 34.6131 0.114 13 Sept 2005
58.877833 ◦N −46.723017 ◦E 7.3767 34.6133 0.1141 13 Sept 2005
D332
60.606133 ◦N −48.172167 ◦E 6.8557 31.6564 −1.5483 30 Aug 2005
60.606133 ◦N −48.172167 ◦E 22.1356 32.6729 −1.1734 30 Aug 2005
60.606133 ◦N −48.172167 ◦E 52.5352 33.5419 −0.6884 30 Aug 2005
60.606133 ◦N −48.172167 ◦E 76.5712 33.6162 −0.6607 30 Aug 2005
60.606133 ◦N −48.172167 ◦E 98.2824 33.7028 −0.5895 30 Aug 2005
60.5661 ◦N −48.224167 ◦E 6.7489 31.2267 −1.8641 30 Aug 2005
60.5661 ◦N −48.224167 ◦E 21.9154 32.1247 −1.376 30 Aug 2005
60.5661 ◦N −48.224167 ◦E 53.0888 33.7303 −0.5839 30 Aug 2005
60.5661 ◦N −48.224167 ◦E 78.1542 34.0997 −0.3237 30 Aug 2005
60.5661 ◦N −48.224167 ◦E 93.1896 34.1566 −0.454 30 Aug 2005
60.5661 ◦N −48.224167 ◦E 98.3018 34.181 −0.2779 30 Aug 2005
60.442083 ◦N −48.374267 ◦E 9.3098 32.3347 −1.4512 30 Aug 2005
60.442083 ◦N −48.374267 ◦E 24.5498 32.4774 −1.3122 30 Aug 2005
60.442083 ◦N −48.374267 ◦E 54.8546 34.2953 −0.1692 30 Aug 2005
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60.442083 ◦N −48.374267 ◦E 80.1538 34.5199 −0.0099 30 Aug 2005
60.442083 ◦N −48.374267 ◦E 105.8026 34.5944 −0.0412 30 Aug 2005
60.442083 ◦N −48.374267 ◦E 145.6664 34.7322 0.1239 30 Aug 2005
60.3741 ◦N −48.472383 ◦E 8.1586 32.3128 −1.4434 30 Aug 2005
60.3741 ◦N −48.472383 ◦E 23.429 32.3176 −1.4525 30 Aug 2005
60.3741 ◦N −48.472383 ◦E 53.8661 32.6542 −1.178 30 Aug 2005
60.3741 ◦N −48.472383 ◦E 104.5194 34.4276 −0.0744 30 Aug 2005
60.3741 ◦N −48.472383 ◦E 155.2586 34.839 0.1741 30 Aug 2005
60.3741 ◦N −48.472383 ◦E 206.1272 34.992 0.3023 30 Aug 2005
60.3741 ◦N −48.472383 ◦E 307.6265 35.0119 0.309 30 Aug 2005
60.3741 ◦N −48.472383 ◦E 409.2878 34.9643 0.2896 30 Aug 2005
60.3741 ◦N −48.472383 ◦E 510.9395 34.9791 0.2866 30 Aug 2005
60.3741 ◦N −48.472383 ◦E 535.5028 34.9763 0.2964 30 Aug 2005
60.339 ◦N −48.473167 ◦E 6.5752 32.3317 −1.4415 30 Aug 2005
60.339 ◦N −48.473167 ◦E 11.6027 32.3228 −1.4509 30 Aug 2005
60.339 ◦N −48.473167 ◦E 22.0981 32.402 −1.3761 30 Aug 2005
60.339 ◦N −48.473167 ◦E 32.2094 32.6402 −1.2445 30 Aug 2005
60.339 ◦N −48.473167 ◦E 52.4935 34.1276 −0.2665 30 Aug 2005
60.339 ◦N −48.473167 ◦E 77.8798 34.399 −0.0956 30 Aug 2005
60.339 ◦N −48.473167 ◦E 103.0144 34.4807 −0.0428 30 Aug 2005
60.339 ◦N −48.473167 ◦E 152.2658 34.9007 0.248 30 Aug 2005
60.339 ◦N −48.473167 ◦E 203.3601 35.0471 0.3375 30 Aug 2005
60.339 ◦N −48.473167 ◦E 306.2553 34.9686 0.2857 30 Aug 2005
60.339 ◦N −48.473167 ◦E 407.7359 34.9349 0.2862 30 Aug 2005
60.339 ◦N −48.473167 ◦E 509.3108 34.9543 0.2746 30 Aug 2005
60.3375 ◦N −48.567167 ◦E 8.1427 32.2559 −1.4828 30 Aug 2005
60.3375 ◦N −48.567167 ◦E 23.3964 32.4502 −1.365 30 Aug 2005
60.3375 ◦N −48.567167 ◦E 43.6972 34.1983 −0.0912 30 Aug 2005
60.3375 ◦N −48.567167 ◦E 53.9366 34.4995 −0.0519 30 Aug 2005
60.3375 ◦N −48.567167 ◦E 84.0204 34.8058 0.1739 30 Aug 2005
60.3375 ◦N −48.567167 ◦E 124.258 34.9238 0.2729 30 Aug 2005
60.3375 ◦N −48.567167 ◦E 154.7907 34.9319 0.2604 30 Aug 2005
60.3375 ◦N −48.567167 ◦E 183.4089 34.9109 0.2515 30 Aug 2005
60.3375 ◦N −48.567167 ◦E 215.4673 34.9156 0.258 30 Aug 2005
60.3375 ◦N −48.567167 ◦E 256.525 34.9917 0.3048 30 Aug 2005
60.3375 ◦N −48.567167 ◦E 408.8162 34.9725 0.2823 30 Aug 2005
60.3375 ◦N −48.567167 ◦E 505.4102 34.9523 0.2805 30 Aug 2005
60.321167 ◦N −48.640333 ◦E 6.7315 32.5353 −1.2593 30 Aug 2005
60.321167 ◦N −48.640333 ◦E 21.7845 34.6452 0.162 30 Aug 2005
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60.321167 ◦N −48.640333 ◦E 32.2368 34.6621 0.1729 30 Aug 2005
60.321167 ◦N −48.640333 ◦E 42.1254 34.6973 0.1441 30 Aug 2005
60.321167 ◦N −48.640333 ◦E 62.2259 34.8184 0.1903 30 Aug 2005
60.321167 ◦N −48.640333 ◦E 82.3204 34.9475 0.2841 30 Aug 2005
60.321167 ◦N −48.640333 ◦E 159.0261 34.9563 0.3047 30 Aug 2005
60.321167 ◦N −48.640333 ◦E 209.9223 34.9705 0.3057 30 Aug 2005
60.321167 ◦N −48.640333 ◦E 260.6334 34.9938 0.3017 30 Aug 2005
60.321167 ◦N −48.640333 ◦E 285.7825 34.9942 0.2899 30 Aug 2005
60.321167 ◦N −48.640333 ◦E 362.1358 34.9903 0.2945 30 Aug 2005
60.321167 ◦N −48.640333 ◦E 463.2625 34.9958 0.3116 30 Aug 2005
60.175767 ◦N −48.709833 ◦E 7.9501 33.7356 −0.4672 29 Aug 2005
60.175767 ◦N −48.709833 ◦E 23.2673 33.7466 −0.4684 29 Aug 2005
60.175767 ◦N −48.709833 ◦E 33.3203 34.2034 −0.1742 29 Aug 2005
60.175767 ◦N −48.709833 ◦E 43.4942 34.4798 0.0399 29 Aug 2005
60.175767 ◦N −48.709833 ◦E 78.9614 34.8984 0.2448 29 Aug 2005
60.175767 ◦N −48.709833 ◦E 104.167 34.8929 0.2461 29 Aug 2005
60.175767 ◦N −48.709833 ◦E 154.7969 34.9695 0.2981 29 Aug 2005
60.175767 ◦N −48.709833 ◦E 205.473 35.0071 0.2907 29 Aug 2005
60.175767 ◦N −48.709833 ◦E 306.3505 34.9908 0.3046 29 Aug 2005
60.175767 ◦N −48.709833 ◦E 408.1546 34.9755 0.3018 29 Aug 2005
59.9807 ◦N −48.890867 ◦E 8.9391 32.8408 −0.9866 29 Aug 2005
59.9807 ◦N −48.890867 ◦E 24.2122 34.2306 −0.0956 29 Aug 2005
59.9807 ◦N −48.890867 ◦E 34.3052 34.575 0.0948 29 Aug 2005
59.9807 ◦N −48.890867 ◦E 44.3483 34.7149 0.1509 29 Aug 2005
59.9807 ◦N −48.890867 ◦E 79.9834 34.7537 0.2088 29 Aug 2005
59.9807 ◦N −48.890867 ◦E 104.6908 34.8304 0.2348 29 Aug 2005
59.9807 ◦N −48.890867 ◦E 155.9825 34.9235 0.2842 29 Aug 2005
59.9807 ◦N −48.890867 ◦E 206.6222 34.932 0.1506 29 Aug 2005
59.9807 ◦N −48.890867 ◦E 308.4405 34.9068 0.272 29 Aug 2005
59.9807 ◦N −48.890867 ◦E 409.3204 34.8988 0.2573 29 Aug 2005
59.748133 ◦N −49.151317 ◦E 9.1974 34.3873 0.0255 29 Aug 2005
59.748133 ◦N −49.151317 ◦E 24.5064 34.3879 0.0227 29 Aug 2005
59.748133 ◦N −49.151317 ◦E 34.6995 34.4506 0.098 29 Aug 2005
59.748133 ◦N −49.151317 ◦E 44.76 34.579 0.1253 29 Aug 2005
59.748133 ◦N −49.151317 ◦E 79.6978 34.7465 0.1851 29 Aug 2005
59.748133 ◦N −49.151317 ◦E 105.7543 34.8902 0.2656 29 Aug 2005
59.748133 ◦N −49.151317 ◦E 156.4338 34.9384 0.2888 29 Aug 2005
59.748133 ◦N −49.151317 ◦E 207.199 34.9862 0.2967 29 Aug 2005
59.748133 ◦N −49.151317 ◦E 308.5984 34.9057 0.2473 29 Aug 2005
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59.748133 ◦N −49.151317 ◦E 410.489 34.8899 0.2323 29 Aug 2005
59.471 ◦N −49.4795 ◦E 6.5071 34.2736 −0.0564 28 Aug 2005
59.471 ◦N −49.4795 ◦E 25.9038 34.3803 −0.0084 28 Aug 2005
59.471 ◦N −49.4795 ◦E 35.9527 34.4059 0.0107 28 Aug 2005
59.471 ◦N −49.4795 ◦E 45.9059 34.4036 0.0322 28 Aug 2005
59.471 ◦N −49.4795 ◦E 81.4633 34.7047 0.1702 28 Aug 2005
59.471 ◦N −49.4795 ◦E 107.0289 34.8013 0.2159 28 Aug 2005
59.471 ◦N −49.4795 ◦E 157.7113 34.8666 0.2454 28 Aug 2005
59.471 ◦N −49.4795 ◦E 208.4173 34.8676 0.2622 28 Aug 2005
59.471 ◦N −49.4795 ◦E 309.7803 34.8695 0.2424 28 Aug 2005
59.471 ◦N −49.4795 ◦E 411.3239 34.8483 0.2329 28 Aug 2005
59.057583 ◦N −49.935183 ◦E 8.9183 34.2452 −0.044 28 Aug 2005
59.057583 ◦N −49.935183 ◦E 19.1034 34.2454 −0.0412 28 Aug 2005
59.057583 ◦N −49.935183 ◦E 34.2403 34.4307 0.0681 28 Aug 2005
59.057583 ◦N −49.935183 ◦E 54.5307 34.7393 0.1559 28 Aug 2005
59.057583 ◦N −49.935183 ◦E 79.991 34.8179 0.2556 28 Aug 2005
59.057583 ◦N −49.935183 ◦E 105.2738 34.8991 0.2605 28 Aug 2005
59.057583 ◦N −49.935183 ◦E 156.0861 34.932 0.2729 28 Aug 2005
59.057583 ◦N −49.935183 ◦E 206.8374 34.9368 0.2699 28 Aug 2005
59.057583 ◦N −49.935183 ◦E 308.0464 34.9186 0.2833 28 Aug 2005
59.057583 ◦N −49.935183 ◦E 511.3488 34.876 0.2505 28 Aug 2005
58.6452 ◦N −50.409633 ◦E 10.2251 34.3156 −0.0223 28 Aug 2005
58.6452 ◦N −50.409633 ◦E 30.4297 34.3204 −0.0333 28 Aug 2005
58.6452 ◦N −50.409633 ◦E 40.5553 34.4204 0.0324 28 Aug 2005
58.6452 ◦N −50.409633 ◦E 106.3933 34.8019 0.2106 28 Aug 2005
58.6452 ◦N −50.409633 ◦E 207.838 34.8859 0.2407 28 Aug 2005
58.6452 ◦N −50.409633 ◦E 411.0697 34.8797 0.232 28 Aug 2005
58.636033 ◦N −50.429433 ◦E 8.1659 34.2424 −0.0554 28 Aug 2005
58.636033 ◦N −50.429433 ◦E 18.5181 34.2418 −0.0213 28 Aug 2005
58.636033 ◦N −50.429433 ◦E 33.7218 34.3531 0.026 28 Aug 2005
58.636033 ◦N −50.429433 ◦E 53.9271 34.601 0.1385 28 Aug 2005
58.636033 ◦N −50.429433 ◦E 53.934 34.6005 0.1435 28 Aug 2005
58.636033 ◦N −50.429433 ◦E 104.8018 34.8254 0.2285 28 Aug 2005
58.636033 ◦N −50.429433 ◦E 155.4528 34.8623 0.2229 28 Aug 2005
58.636033 ◦N −50.429433 ◦E 206.0914 34.8834 0.2455 28 Aug 2005
58.636033 ◦N −50.429433 ◦E 307.8631 34.8889 0.2386 28 Aug 2005
58.636033 ◦N −50.429433 ◦E 511.1904 34.8705 0.2357 28 Aug 2005
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Table D.3: Labrador Current: Station locations, depths, salinity data and isotopic
parameters of the 2008 D332 water samples from Cape Farewell.
Latitude Longitude Water Depth Salinity δ18O Date
(m) (h)
D332
53.6757 ◦N 55.5365 ◦E 142.6722 33.2977 −0.9705 22 Aug 2005
53.6757 ◦N 55.5365 ◦E 102.3228 32.8586 −1.3398 22 Aug 2005
53.6757 ◦N 55.5365 ◦E 51.6946 32.6682 −1.5059 22 Aug 2005
53.6757 ◦N 55.5365 ◦E 36.2818 32.5260 −1.5578 22 Aug 2005
53.6757 ◦N 55.5365 ◦E 26.0552 32.4337 −1.5409 22 Aug 2005
53.6757 ◦N 55.5365 ◦E 4.0019 31.0110 −1.9515 22 Aug 2005
53.7967 ◦N 55.4388 ◦E 192.2173 33.6561 −0.6436 23 Aug 2005
53.7967 ◦N 55.4388 ◦E 152.0157 33.3642 −0.8943 23 Aug 2005
53.7967 ◦N 55.4388 ◦E 101.4904 33.0161 −1.2294 23 Aug 2005
53.7967 ◦N 55.4388 ◦E 50.4821 32.6733 −1.4939 23 Aug 2005
53.7967 ◦N 55.4388 ◦E 25.4053 32.4128 −1.5264 23 Aug 2005
53.7967 ◦N 55.4388 ◦E 2.9275 30.3059 −2.2400 23 Aug 2005
53.9868 ◦N 55.2452 ◦E 137.9163 33.6089 −0.6587 23 Aug 2005
53.9868 ◦N 55.2452 ◦E 102.6701 33.2714 −0.9687 23 Aug 2005
53.9868 ◦N 55.2452 ◦E 61.9132 32.9106 −1.2812 23 Aug 2005
53.9868 ◦N 55.2452 ◦E 31.4991 32.5259 −1.4679 23 Aug 2005
53.9868 ◦N 55.2452 ◦E 4.0024 30.7189 −1.9892 23 Aug 2005
54.2197 ◦N 55.0202 ◦E 152.2860 33.2614 −0.9966 23 Aug 2005
54.2197 ◦N 55.0202 ◦E 126.6727 33.0805 −1.1876 23 Aug 2005
54.2197 ◦N 55.0202 ◦E 101.4335 32.9151 −1.3026 23 Aug 2005
54.2197 ◦N 55.0202 ◦E 75.8978 32.7410 −1.4376 23 Aug 2005
54.2197 ◦N 55.0202 ◦E 50.7544 32.6311 −1.5525 23 Aug 2005
54.2197 ◦N 55.0202 ◦E 25.3329 32.4858 −1.5814 23 Aug 2005
54.2197 ◦N 55.0202 ◦E 3.2776 31.1826 −1.8973 23 Aug 2005
54.4877 ◦N 54.7534 ◦E 183.5087 33.9553 −0.4050 23 Aug 2005
54.4877 ◦N 54.7534 ◦E 151.7019 33.6727 −0.5964 23 Aug 2005
54.4877 ◦N 54.7534 ◦E 102.7979 33.2694 −0.9549 23 Aug 2005
54.4877 ◦N 54.7534 ◦E 52.3546 32.8532 −1.3379 23 Aug 2005
54.4877 ◦N 54.7534 ◦E 26.8146 32.5146 −1.5271 23 Aug 2005
54.4877 ◦N 54.7534 ◦E 4.4694 31.4773 −1.7102 23 Aug 2005
54.4853 ◦N 54.7581 ◦E 233.6951 34.2963 −0.1338 23 Aug 2005
54.4853 ◦N 54.7581 ◦E 203.3194 34.0190 −0.3112 23 Aug 2005
54.4853 ◦N 54.7581 ◦E 152.7728 33.6031 −0.6829 23 Aug 2005
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54.4853 ◦N 54.7581 ◦E 102.4638 33.2585 −1.0179 23 Aug 2005
54.4853 ◦N 54.7581 ◦E 51.7680 32.9102 −1.2146 23 Aug 2005
54.4853 ◦N 54.7581 ◦E 26.6542 32.5387 −1.4789 23 Aug 2005
54.4853 ◦N 54.7581 ◦E 4.4714 31.3171 −1.7706 23 Aug 2005
54.9458 ◦N 54.2847 ◦E 344.4793 34.7985 0.1809 23 Aug 2005
54.9458 ◦N 54.2847 ◦E 303.6079 34.8043 0.2024 23 Aug 2005
54.9458 ◦N 54.2847 ◦E 253.3849 34.5184 0.0296 23 Aug 2005
54.9458 ◦N 54.2847 ◦E 201.5209 33.9743 −0.3520 23 Aug 2005
54.9458 ◦N 54.2847 ◦E 152.3877 33.5478 −0.7441 23 Aug 2005
54.9458 ◦N 54.2847 ◦E 101.7322 33.1875 −1.0899 23 Aug 2005
54.9458 ◦N 54.2847 ◦E 51.2483 32.8731 −1.3001 23 Aug 2005
54.9458 ◦N 54.2847 ◦E 25.9464 32.6213 −1.5413 23 Aug 2005
54.9458 ◦N 54.2847 ◦E 3.7087 31.6384 −1.6106 23 Aug 2005
55.1017 ◦N 54.1284 ◦E 504.6773 34.9185 0.2858 23 Aug 2005
55.1017 ◦N 54.1284 ◦E 403.9128 34.9082 0.2649 23 Aug 2005
55.1017 ◦N 54.1284 ◦E 303.0756 34.8556 0.2473 23 Aug 2005
55.1017 ◦N 54.1284 ◦E 201.9590 34.5832 0.0613 23 Aug 2005
55.1017 ◦N 54.1284 ◦E 101.3377 33.6185 −0.6861 23 Aug 2005
55.1017 ◦N 54.1284 ◦E 51.0920 33.2133 −0.9483 23 Aug 2005
55.1017 ◦N 54.1284 ◦E 25.6156 33.0631 −0.9687 23 Aug 2005
55.1858 ◦N 54.5052 ◦E 405.5385 34.9148 0.2847 23 Aug 2005
55.1858 ◦N 54.5052 ◦E 102.6508 34.0191 −0.3442 23 Aug 2005
55.1858 ◦N 54.5052 ◦E 52.0855 33.3710 −0.7583 23 Aug 2005
55.1858 ◦N 54.5052 ◦E 26.6705 33.2479 −0.7444 23 Aug 2005
55.1858 ◦N 54.5052 ◦E 4.1388 32.7239 −1.0988 23 Aug 2005
55.2520 ◦N 53.9393 ◦E 506.8265 34.8927 0.2471 24 Aug 2005
55.2520 ◦N 53.9393 ◦E 405.9651 34.9084 0.2601 24 Aug 2005
55.2520 ◦N 53.9393 ◦E 304.8912 34.9024 0.2535 24 Aug 2005
55.2520 ◦N 53.9393 ◦E 203.9358 34.9088 0.2476 24 Aug 2005
55.2520 ◦N 53.9393 ◦E 103.4450 34.6443 0.1267 24 Aug 2005
55.2520 ◦N 53.9393 ◦E 52.4987 33.6545 −0.4637 24 Aug 2005
55.2520 ◦N 53.9393 ◦E 27.4318 33.5571 −0.5207 24 Aug 2005
55.2520 ◦N 53.9393 ◦E 5.4537 33.1141 −0.7549 24 Aug 2005
55.4271 ◦N 53.7902 ◦E 510.8449 34.9008 0.2627 25 Aug 2005
55.4271 ◦N 53.7902 ◦E 256.0967 34.8896 0.2483 25 Aug 2005
55.4271 ◦N 53.7902 ◦E 104.4209 34.6858 0.1126 25 Aug 2005
55.4271 ◦N 53.7902 ◦E 53.8583 34.1915 −0.1082 25 Aug 2005
55.4271 ◦N 53.7902 ◦E 28.3077 33.8441 −0.2841 25 Aug 2005
55.4271 ◦N 53.7902 ◦E 13.1088 33.2379 −0.6615 25 Aug 2005
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55.6186 ◦N 53.6112 ◦E 514.0569 34.9080 0.2667 25 Aug 2005
55.6186 ◦N 53.6112 ◦E 260.1511 34.9048 0.2667 25 Aug 2005
55.6186 ◦N 53.6112 ◦E 107.8509 34.6332 0.1215 25 Aug 2005
55.6186 ◦N 53.6112 ◦E 56.7997 34.0160 −0.2032 25 Aug 2005
55.6186 ◦N 53.6112 ◦E 31.6507 33.7459 −0.3852 25 Aug 2005
55.6186 ◦N 53.6112 ◦E 16.6380 33.4783 −0.5012 25 Aug 2005
55.8567 ◦N 52.5840 ◦E 510.5010 34.8952 0.2560 26 Aug 2005
55.8567 ◦N 52.5840 ◦E 205.5851 34.9151 0.2693 26 Aug 2005
55.8567 ◦N 52.5840 ◦E 53.3199 34.4805 0.0359 26 Aug 2005
55.8567 ◦N 52.5840 ◦E 22.8967 33.9597 −0.1969 26 Aug 2005
55.8567 ◦N 52.5840 ◦E 7.6739 33.8944 −0.2651 26 Aug 2005
55.1195 ◦N 53.1188 ◦E 512.9180 34.8501 0.1877 26 Aug 2005
55.1195 ◦N 53.1188 ◦E 258.6189 34.8604 0.2364 26 Aug 2005
55.1195 ◦N 53.1188 ◦E 106.3146 34.8266 0.2009 26 Aug 2005
55.1195 ◦N 53.1188 ◦E 55.5754 34.7138 0.1535 26 Aug 2005
55.1195 ◦N 53.1188 ◦E 35.1536 34.3877 −0.0059 26 Aug 2005
55.1195 ◦N 53.1188 ◦E 14.8681 33.8328 −0.3134 26 Aug 2005
56.5431 ◦N 52.6726 ◦E 513.2872 34.8432 0.2192 26 Aug 2005
56.5431 ◦N 52.6726 ◦E 259.1593 34.8532 0.2362 26 Aug 2005
56.5431 ◦N 52.6726 ◦E 106.7645 34.8719 0.2391 26 Aug 2005
56.5431 ◦N 52.6726 ◦E 56.0064 34.7600 0.1859 26 Aug 2005
56.5431 ◦N 52.6726 ◦E 35.8072 34.7177 0.1685 26 Aug 2005
56.5431 ◦N 52.6726 ◦E 15.4840 34.1676 −0.1142 26 Aug 2005
56.9898 ◦N 52.5840 ◦E 511.7296 34.8485 0.2432 26 Aug 2005
56.9898 ◦N 52.5840 ◦E 308.6997 34.8415 0.2172 26 Aug 2005
56.9898 ◦N 52.5840 ◦E 155.9649 34.8170 0.2095 26 Aug 2005
56.9898 ◦N 52.5840 ◦E 80.3060 34.7675 0.1782 26 Aug 2005
56.9898 ◦N 52.5840 ◦E 34.6288 34.5829 0.1108 26 Aug 2005
56.9898 ◦N 52.5840 ◦E 19.3567 34.3093 −0.0464 26 Aug 2005
56.9898 ◦N 52.5840 ◦E 5.1561 34.0327 −0.1722 26 Aug 2005
57.3770 ◦N 51.7918 ◦E 510.7482 34.8424 0.2107 27 Aug 2005
57.3770 ◦N 51.7918 ◦E 305.8558 34.8494 0.2193 27 Aug 2005
57.3770 ◦N 51.7918 ◦E 208.0654 34.8604 0.2213 27 Aug 2005
57.3770 ◦N 51.7918 ◦E 157.6011 34.8517 0.2327 27 Aug 2005
57.3770 ◦N 51.7918 ◦E 107.1691 34.8129 0.2196 27 Aug 2005
57.3770 ◦N 51.7918 ◦E 81.7718 34.7702 0.1865 27 Aug 2005
57.3770 ◦N 51.7918 ◦E 56.5299 34.6393 0.1250 27 Aug 2005
57.3770 ◦N 51.7918 ◦E 31.2920 34.4751 0.0288 27 Aug 2005
57.3770 ◦N 51.7918 ◦E 15.9507 34.1578 −0.1112 27 Aug 2005
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57.3770 ◦N 51.7918 ◦E 8.5506 34.1478 −0.1314 27 Aug 2005
57.7957 ◦N 51.3427 ◦E 510.3170 34.8557 0.2232 27 Aug 2005
57.7957 ◦N 51.3427 ◦E 308.2596 34.8561 0.2381 27 Aug 2005
57.7957 ◦N 51.3427 ◦E 207.2204 34.8935 0.2482 27 Aug 2005
57.7957 ◦N 51.3427 ◦E 157.0000 34.8873 0.2331 27 Aug 2005
57.7957 ◦N 51.3427 ◦E 106.2679 34.8219 0.2359 27 Aug 2005
57.7957 ◦N 51.3427 ◦E 81.0349 34.7401 0.1849 27 Aug 2005
57.7957 ◦N 51.3427 ◦E 55.5806 34.6711 0.1559 27 Aug 2005
57.7957 ◦N 51.3427 ◦E 30.2550 34.4184 0.0675 27 Aug 2005
57.7957 ◦N 51.3427 ◦E 15.1562 34.2844 −0.0286 27 Aug 2005
57.7957 ◦N 51.3427 ◦E 8.0414 34.2844 −0.0412 27 Aug 2005
58.2070 ◦N 50.9003 ◦E 514.0252 34.8419 0.2340 27 Aug 2005
58.2070 ◦N 50.9003 ◦E 310.4072 34.8583 0.2514 27 Aug 2005
58.2070 ◦N 50.9003 ◦E 208.8723 34.8666 0.2325 27 Aug 2005
58.2070 ◦N 50.9003 ◦E 158.3862 34.8773 0.2551 27 Aug 2005
58.2070 ◦N 50.9003 ◦E 107.5756 34.8107 0.2315 27 Aug 2005
58.2070 ◦N 50.9003 ◦E 82.1019 34.7369 0.1907 27 Aug 2005
58.2070 ◦N 50.9003 ◦E 56.6495 34.6145 0.1299 27 Aug 2005
58.2070 ◦N 50.9003 ◦E 31.5373 34.4552 0.0572 27 Aug 2005
58.2070 ◦N 50.9003 ◦E 16.2901 34.1424 −0.0788 27 Aug 2005
58.2070 ◦N 50.9003 ◦E 7.1909 34.1410 −0.0973 27 Aug 2005
D.2 Oxygen and Hydrogen Isotope Data analyzed at UC
Davis
Table D.4: Station locations, depths, salinity data and isotopic parameters of the
2001 M51−3 water samples from Mediterranean, the 2004 JR106b water samples from
Kangerdlussuaq Fjord, Denmark Strait and the and the 2005 D298 and 2008 D332
water samples from Cape Farewell.
Latitude Longitude Water Depth Salinity δ18O δD Date
(m) (h) (h)
M51/3
35◦51.27 N 14◦06.20 E 100 37.8371 1.02 7.6 14 Nov 2001
35◦47.03 N 13◦01.43 E 20 37.8342 1.06 7.5 15 Nov 2001
35◦47.03 N 13◦01.43 E 100 38.1391 1.04 7.8 15 Nov 2001
32◦46.46 N 19◦11.46 E 20 38.5271 1.27 9.2 17 Nov 2001
32◦46.46 N 19◦11.46 E 100 38.408 1.18 8.4 17 Nov 2001
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33◦43.07 N 23◦29.95 E 20 38.5566 1.22 9.0 18 Nov 2001
33◦43.07 N 23◦29.95 E 100 38.3437 1.17 8.2 18 Nov 2001
32◦59.97 N 23◦37.61 E 100 38.3771 1.18 8.8 19 Nov 2001
34◦27.98 N 25◦39.96 E 20 39.1441 1.37 10.0 20 Nov 2001
34◦27.98 N 25◦39.96 E 100 38.9205 1.29 9.6 20 Nov 2001
33◦27.13 N 32◦34.56 E 20 39.3363 1.44 10.3 22 Nov 2001
33◦27.13 N 32◦34.56 E 100 39.0287 1.33 9.9 22 Nov 2001
32◦38.87 N 34◦06.18 E 20 39.3829 1.53 10.8 23 Nov 2001
32◦38.87 N 34◦06.18 E 100 38.9681 1.33 10.3 23 Nov 2001
34◦18.26 N 33◦54.93 E 20 39.3097 1.42 10.5 24 Nov 2001
34◦18.26 N 33◦54.93 E 100 38.9904 1.46 10.7 24 Nov 2001
34◦31.63 N 31◦47.17 E 20 39.2717 1.55 10.9 25 Nov 2001
34◦31.63 N 31◦47.17 E 100 39.0332 1.49 10.7 25 Nov 2001
35◦34.41 N 30◦27.66 E 20 39.2574 1.45 10.3 26 Nov 2001
35◦34.41 N 30◦27.66 E 100 39.0752 1.37 9.2 26 Nov 2001
35◦29.68 N 27◦34.53 E 20 39.1992 1.41 10.0 27 Nov 2001
35◦29.68 N 27◦34.53 E 100 39.0768 1.41 10.1 27 Nov 2001
35◦45.19 N 27◦33.18 E 20 39.158 1.43 10.5 28 Nov 2001
35◦45.19 N 27◦33.18 E 100 39.1298 1.42 10.0 28 Nov 2001
36◦24.94 N 27◦04.03 E 20 39.2395 1.45 10.5 28 Nov 2001
36◦24.94 N 27◦04.03 E 100 39.2208 1.42 10.5 28 Nov 2001
35◦39.71 N 26◦35.00 E 20 39.285 1.40 10.2 29 Nov 2001
35◦39.71 N 26◦35.00 E 100 39.2053 1.42 10.8 29 Nov 2001
35◦51.80 N 25◦10.39 E 20 38.9574 1.39 9.6 30 Nov 2001
35◦51.80 N 25◦10.39 E 100 39.036 1.38 10.2 30 Nov 2001
36◦38.28 N 25◦55.80 E 20 39.2316 1.39 10.4 01 Dec 2001
36◦38.28 N 25◦55.80 E 100 39.1561 1.38 9.8 01 Dec 2001
37◦14.73 N 26◦11.75 E 20 39.1367 1.41 10.0 02 Dec 2001
37◦14.73 N 26◦11.75 E 100 39.0634 1.44 10.0 02 Dec 2001
37◦54.15 N 26◦13.11 E 20 39.1367 1.37 10.0 04 Dec 2001
37◦54.15 N 26◦13.11 E 100 39.0634 1.35 9.9 04 Dec 2001
38◦57.29 N 24◦45.20 E 20 38.967 1.33 9.4 05 Dec 2001
38◦57.29 N 24◦45.20 E 100 38.9679 1.35 9.7 05 Dec 2001
39◦38.00 N 23◦58.16 E 20 38.2038 1.23 8.0 06 Dec 2001
39◦38.00 N 23◦58.16 E 100 38.8837 1.35 9.8 06 Dec 2001
JR106b
67.8753 ◦N −31.5523 ◦E 1.9345 32.1023 −1.5583 −11.4402 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 6.2420 32.1095 −1.5807 −12.5027 09 Sept 2004
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67.8753 ◦N −31.5523 ◦E 11.2760 32.1324 −1.4940 −12.2034 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 16.6560 32.1534 −1.5212 −11.8663 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 27.0100 32.2045 −1.5220 −11.6505 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 52.6690 32.7668 −1.4382 −10.5069 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 77.3000 33.4267 −1.0282 −8.1123 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 102.0780 34.0461 −0.4149 −3.3122 09 Sept 2004
67.8753 ◦N −31.5523 ◦E 153.3955 34.4153 −0.0988 −0.5776 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 2.2040 32.3513 −1.3954 −10.7725 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 6.6815 32.5071 −1.2995 −9.8241 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 12.6735 32.9775 −1.1191 −8.5738 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 17.3610 33.0164 −1.0293 −8.4001 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 27.0460 33.0802 −1.0479 −8.1736 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 53.1910 33.4362 −0.7564 −6.1599 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 78.4120 34.3124 −0.4629 −3.8243 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 102.7680 34.5132 −0.0677 −0.2421 09 Sept 2004
67.7547 ◦N −31.4402 ◦E 504.5870 34.7976 0.2159 2.1445 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 1.6660 33.4455 −0.7721 −5.9749 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 6.7810 33.4770 −0.7310 −5.9642 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 11.8320 33.4800 −0.6631 −5.7815 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 16.7110 33.4853 −0.6676 −5.7420 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 51.7820 34.2266 −0.0642 −0.9228 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 77.8545 34.5384 0.0350 −0.4838 09 Sept 2004
67.5007 ◦N −31.1297 ◦E 154.1845 34.6028 0.1250 0.1363 09 Sept 2004
67.2505 ◦N −30.8090 ◦E 7.6995 33.7431 −0.5749 −4.2332 09 Sept 2004
67.2505 ◦N −30.8090 ◦E 18.1260 33.7982 −0.5571 −4.3036 09 Sept 2004
67.2505 ◦N −30.8090 ◦E 27.9890 33.8314 −0.4752 −3.8754 09 Sept 2004
67.2505 ◦N −30.8090 ◦E 53.1430 34.9868 0.2706 1.9079 09 Sept 2004
67.2505 ◦N −30.8090 ◦E 154.5390 34.6751 0.0707 0.8239 09 Sept 2004
67.0002 ◦N −30.6640 ◦E 2.6280 33.4054 −0.8189 −7.1878 09 Sept 2004
67.0002 ◦N −30.6640 ◦E 7.7460 33.4054 −0.7580 −6.1901 09 Sept 2004
67.0002 ◦N −30.6640 ◦E 13.0130 33.4903 −0.7451 −5.7889 09 Sept 2004
67.0002 ◦N −30.6640 ◦E 17.5330 33.6112 −0.6208 −5.1671 09 Sept 2004
67.0002 ◦N −30.6640 ◦E 52.9830 34.3128 −0.2660 −1.7572 09 Sept 2004
66.6682 ◦N −30.6667 ◦E 13.5135 33.6623 −0.6050 −4.5208 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 28.5880 33.9852 −0.4487 −3.9357 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 256.6630 34.7302 0.2432 1.6611 10 Sept 2004
66.6682 ◦N −30.6667 ◦E 483.6120 34.8557 0.2739 1.3253 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 3.2930 33.5661 −0.6944 −5.1169 10 Sept 2004
66.3335 ◦N −30.6687 ◦E 29.1630 34.0393 −0.4186 −2.9191 10 Sept 2004
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66.3335 ◦N −30.6687 ◦E 54.3780 34.3738 −0.1082 −0.6528 10 Sept 2004
65.9980 ◦N −30.6705 ◦E 3.7160 33.2430 −0.7699 −5.9723 10 Sept 2004
65.9980 ◦N −30.6705 ◦E 8.7700 33.2957 −0.7521 −5.7313 10 Sept 2004
65.9980 ◦N −30.6705 ◦E 13.8770 33.4152 −0.7557 −5.2296 10 Sept 2004
65.9980 ◦N −30.6705 ◦E 28.2105 34.0782 −0.3574 −2.6239 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 104.1380 35.1712 0.4269 3.4100 10 Sept 2004
65.3267 ◦N −30.6573 ◦E 256.8270 35.1094 0.3892 2.5984 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 27.7490 35.0438 0.3308 3.0342 10 Sept 2004
65.1697 ◦N −30.5645 ◦E 1500.7060 34.9204 0.3420 2.7516 10 Sept 2004
D298
59.9615 ◦N −43.1282 ◦E 182.3073 34.1668 −0.1717 −0.9076 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 152.1746 34.0727 −0.0539 −2.4270 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 121.6124 33.7465 −0.2980 −2.4810 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 111.4057 33.4975 −0.3351 −2.7295 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 91.0393 32.8084 −0.6465 −5.3855 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 80.9439 32.6137 −0.7561 −5.8244 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 70.7017 32.1734 −0.9303 −7.4518 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 40.4667 31.2358 −1.2397 −10.3464 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 25.4967 30.6775 −1.4008 −11.3508 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 25.4875 30.6772 −1.3875 −11.2962 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 10.4862 30.2914 −1.5869 −12.6844 18 Sept 2005
59.9615 ◦N −43.1282 ◦E 3.4865 30.0692 −1.7962 −13.1841 18 Sept 2005
59.9628 ◦N −43.1102 ◦E 152.7449 33.8578 −0.3932 −4.6003 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 122.2326 33.5496 −0.3515 −4.9712 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 101.9060 33.0172 −0.7302 −4.5812 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 76.7213 32.4277 −1.0572 −7.9265 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 51.1580 31.8382 −1.1381 −9.3080 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 41.5530 31.0496 −1.5464 −11.3402 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 25.7849 30.2516 −1.7754 −13.6661 7 Sept 2005
59.9628 ◦N −43.1102 ◦E 11.1241 30.1374 −1.8931 −14.4787 7 Sept 2005
59.8992 ◦N −43.0330 ◦E 163.4971 34.3646 −0.0263 −0.9214 7 Sept 2005
59.8992 ◦N −43.0330 ◦E 123.0954 33.6912 −0.2898 −2.9009 7 Sept 2005
59.8992 ◦N −43.0330 ◦E 113.1453 33.6330 −0.3774 −4.9188 7 Sept 2005
59.8992 ◦N −43.0330 ◦E 102.9722 33.2847 −0.6205 −5.5026 7 Sept 2005
59.8992 ◦N −43.0330 ◦E 72.8753 32.4807 −0.9878 −8.0930 7 Sept 2005
59.8992 ◦N −43.0330 ◦E 52.4277 31.8610 −1.2025 −8.5953 7 Sept 2005
59.8992 ◦N −43.0330 ◦E 27.2670 30.9197 −1.5381 −12.9860 7 Sept 2005
59.8992 ◦N −43.0330 ◦E 5.2143 29.9725 −1.9619 −16.1184 7 Sept 2005
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59.9317 ◦N −42.9688 ◦E 177.4071 34.7327 0.2158 0.6256 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 132.3089 34.4172 0.0553 −0.6488 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 122.3179 34.0076 −0.1324 −1.7565 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 81.6639 33.3650 −0.4299 −4.0878 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 71.5017 33.1223 −0.5436 −4.8681 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 61.3030 32.6524 −0.8670 −6.4038 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 51.3752 32.2845 −1.0194 −7.3057 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 40.9349 31.9917 −1.0028 −7.7886 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 25.9723 31.2691 −1.2287 −9.6911 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 10.6466 30.6040 −1.4612 −12.0928 18 Sept 2005
59.9317 ◦N −42.9688 ◦E 2.4969 30.0590 −1.8175 −14.1914 18 Sept 2005
59.8787 ◦N −42.8542 ◦E 13.0994 31.2919 −1.3162 −10.8374 7 Sept 2005
59.8787 ◦N −42.8542 ◦E 5.0348 30.2314 −1.7112 −14.5126 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 172.9555 34.5181 −0.0174 0.0844 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 102.9749 34.4590 −0.0935 −0.5342 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 92.2684 34.2092 −0.1642 −1.8774 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 72.3438 34.1077 −0.2192 −1.6448 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 11.6790 31.4872 −1.2546 −9.8763 7 Sept 2005
59.8068 ◦N −42.6585 ◦E 3.2783 31.3993 −1.3711 −11.0202 7 Sept 2005
59.8373 ◦N −42.6468 ◦E 178.3221 34.5651 0.0891 −0.0955 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 166.1710 34.6806 0.1160 0.7352 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 82.2323 33.9452 −0.2870 −1.9466 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 22.0194 32.3659 −0.9165 −7.6644 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 11.8779 32.0335 −1.0129 −8.3216 19 Sept 2005
59.8373 ◦N −42.6468 ◦E 2.1030 31.4465 −1.2151 −9.3937 19 Sept 2005
59.7160 ◦N −42.2258 ◦E 251.4483 35.0855 0.2782 2.2363 6 Sept 2005
59.7160 ◦N −42.2258 ◦E 25.0534 34.9239 0.1788 1.5742 6 Sept 2005
59.6658 ◦N −41.9917 ◦E 455.9439 34.9840 0.2088 1.9446 6 Sept 2005
59.2535 ◦N −40.7507 ◦E 102.0729 34.8734 0.1855 0.8651 3 Sept 2005
59.2535 ◦N −40.7507 ◦E 51.2726 34.8500 0.2098 0.9623 3 Sept 2005
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59.9555 ◦N −43.1165 ◦E 141.4984 33.9067 −0.4787 −4.3015 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 126.1862 33.7558 −0.5348 −5.3729 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 102.1375 33.4146 −0.8310 −7.3131 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 78.1335 33.0695 −1.0894 −9.3327 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 54.1464 32.7882 −1.3070 −11.1453 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 33.9599 32.2714 −1.5941 −12.848 8 Sept 2008
59.9555 ◦N −43.1165 ◦E 23.5163 31.6125 −1.7847 −14.7551 8 Sept 2008
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59.9555 ◦N −43.1165 ◦E 8.3415 30.6978 −2.3030 −18.2267 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 155.0667 34.5338 −0.0135 −2.1391 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 145.8806 34.4395 −0.0305 −1.6266 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 130.5736 34.4221 −0.0345 −2.2214 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 104.9346 34.3601 0.0009 −2.7393 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 78.8287 34.1957 −0.2703 −4.1713 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 54.4942 34.1671 −0.2536 −4.1585 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 34.3094 34.0879 −0.3455 −6.0737 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 24.0375 34.0780 −0.2659 −7.2172 8 Sept 2008
59.9677 ◦N −42.8389 ◦E 8.8405 33.0902 −0.9914 −8.7483 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 175.4950 34.4683 −0.0543 −2.1391 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 155.8995 34.4145 −0.0874 −1.6266 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 128.5938 34.2837 −0.2496 −2.2214 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 105.3182 34.1545 −0.2512 −2.7393 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 79.1680 34.0164 −0.3409 −4.1713 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 54.3013 33.8655 −0.4160 −4.1585 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 34.0614 33.6161 −0.6367 −6.0737 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 23.6265 33.5184 −0.7587 −7.2172 8 Sept 2008
59.9953 ◦N −42.5048 ◦E 8.6324 33.1496 −0.9412 −8.7483 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 255.1440 34.9006 0.2822 2.5505 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 204.2159 34.8712 0.3470 1.4486 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 153.5364 34.8716 0.2670 1.6518 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 102.8038 34.8983 0.3240 1.9905 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 77.4853 34.7817 0.1533 1.6548 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 52.1880 34.7379 0.1255 0.8092 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 26.8460 34.5846 0.0541 0.0124 8 Sept 2008
59.9624 ◦N −42.1863 ◦E 6.5347 34.5356 −0.0001 −0.267 8 Sept 2008
59.9532 ◦N −42.1056 ◦E 1371.6706 34.9266 0.2607 1.9219 8 Sept 2008
59.9532 ◦N −42.1056 ◦E 915.0461 34.9777 0.2656 2.1968 8 Sept 2008
59.9532 ◦N −42.1056 ◦E 204.3010 34.8786 0.2545 1.7765 8 Sept 2008
59.9532 ◦N −42.1056 ◦E 102.9076 34.8666 0.1972 2.0194 8 Sept 2008
59.9532 ◦N −42.1056 ◦E 52.2588 34.8455 0.2377 1.051 8 Sept 2008
59.9532 ◦N −42.1056 ◦E 6.7328 34.6768 0.1213 0.3583 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 256.9284 34.8803 0.3405 2.0563 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 206.0598 34.8702 0.3099 1.9011 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 155.0658 34.9089 0.2394 1.8869 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 79.2555 34.8695 0.1778 1.6077 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 53.9527 34.8338 0.1892 1.8158 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 43.8499 34.8175 0.1756 1.6076 8 Sept 2008
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59.9422 ◦N −42.0588 ◦E 30.5659 34.7833 0.1196 1.3581 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 18.4797 34.8400 0.2043 1.1631 8 Sept 2008
59.9422 ◦N −42.0588 ◦E 8.2702 34.9064 0.2001 1.6194 8 Sept 2008
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